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Abstract
Daniel M. Fichana
Green Engineering and Gate-to Gate Life Cycle Assessments for Pharmaceutical
Products
2004/2005
Dr. C. Stewart Slater
Chemical Engineering
The research of this thesis focused on the environmental and processing metrics
during the development of two different drugs. Previous research in life cycle
assessments and green engineering have focused on other products and processes, but
only a limited amount of studies have been conducted for pharmaceutical applications.
This analysis concerned a gate-to-gate analysis of two distinct pharmaceutical products
along with the development of a solvent selection table. The goal of this research was to
determine how various processing and environmental metrics were affected by process
improvements.
The first drug was the pravastatin, which was made via a fermentation route.
Four lab scale routes were investigated for this drug. The second study tracked the
processing and environmental metrics of another drug through three different scales; lab-
scale, glass-scale, and pilot-scale. A solvent selection table was also developed as part of
the research for this project and included in this paper.
Some of the conclusions for this analysis were that over time the processing
metrics and the environmental metrics decreased for different reasons. The factors that
contributed to a decrease in environmental factors were increased yield, solvent
substitution and the removal of process equipment.
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Chapter 1: Introduction and Background
Introduction
Green engineering is a relatively new concept that is partially based lean product
methods. Green engineering is a term used to describe engineering, which attempts to
minimize the pollution at the source while also minimizing the risk to human health and
the environment. There is also an economic aspect to green engineering. The design and
use of products and processes have to be economically feasible [1].
One principle of green engineering is applying life cycle assessment to products
and processes. Life cycle assessment is a methodology of analyzing the various mass and
energy balances in and out of the process. A list of environmental factors are then
applied to these masses and emissions from the energy. This typically consists of 4 steps
[2]. These steps include the goal and scope step, the inventory step, the impact step, and
the interpretation step. Once the a life cycle assessment study has been conducted,
problem areas can be identified and green engineering solutions can be applied and
alternatives can be found to make the process more sustainable.
A life cycle assessment on a process is usually conducted in the research and
development to determine if there are other options such as replacement of a solvent or
chemical with a less environmentally harmful ones, comparison of the process to
processes used by competitors, and also to reduce liability [3], [4].
There were two studies considered for the green engineering analysis described in
this thesis. These took into account two important aspects during drug development.
These two important aspects are the analysis of a fermentation-based pharmaceutical
which compares improvements made by different people over a certain time period and
the scale up of another product. There has not been a study that focused solely on the
lab-scale of a fermentation-based product, which compares the drug made 20 years ago to
more recent process improvements in the manufacturing process. Another goal of this
study was to study a drug throughout the discovery stages and process modifications by
the initial investigational team in the early 1980's and improvements made by another
team more recently in 2004. This analysis was used to determine if any trends were
present.
Pravastatin was specifically chosen as the lab-scale drug because it is a drug that
is available as a name-brand drug and the patent expires in 2006, which will result in
generic manufactures having a wide array of processes to make pravastatin.
A second study was also conducted on the scale up of another pharmaceutical
product. This will show how various environmental metrics can be used to show how
environmental impacts change as a pharmaceutical product goes through scale-up in the
process development stages. Between this study and the previous study, the full life-
cycle of a drug can be investigated and a full analysis can be conducted.
Background on Life Cycle Assessment [ 5]
Life cycle assessment is a way to determine the environmental impact of the
products or processes by using the masses of materials and energy that are input into the
process and the outputs from the process. These studies are typically conducted on a
cradle to grave approach, but could be conducted as a gate-to gate approach depending on
the level of information available. A list of environmental metrics are applied to these
metrics to determine which process or product is more environmentally friendly or more
sustainable. A simple life cycle assessment (LCA) is shown in Figure 1. This is a
general life cycle assessment for the manufacture of salt and includes a cradle to gate
analysis. In a full there would be many more streams to account for all of the inputs and




Figure 1: General LCA for Salt
Life cycle impact assessment methodology has been in foreground of
sustainability since the 1960's. The early studies focused solely on energy usage and
solid waste while little consideration was paid to the various environmental risks
associated with these compounds. During the oil crisis in the 1970's a large amount of
energy studies were conducted on various industries [3], [6]. These studies were the
basis of life cycle inventories. An example of a mass and energy balance can be seen by
Beaver et al. [7]. This study was a very simplified version of a life cycle assessment and
only included 4 criteria; mass, energy, water and greenhouse gas emissions [7]. There
was a practice called the "Best Practicable Environmental Option (BPEO)" which was
practiced during the late 1980's and early 1990's and was practiced in Europe [6]. This
approach was not the best approach to use since it tried to minimize the environmental
burdens at the practitioner's plant. BPEO did not analyze the entire life cycle. Life cycle
assessments came into fruition in the late 1980's, but were preformed by private
companies [3]. Unfortunately these studies did not have a common framework. In 1993
the Society of Environmental Toxicology and Chemistry introduced principles on how to
conduct, review, use and present the findings of a life cycle assessment [3]. The
International Standardization Organization introduced an internal standard concerning
life cycle assessments in 1997. This standard is known as ISO 14000 and outlined the
various procedures for conducting a life cycle analysis.
Life cycle assessment is a process of analyzing various environmental criteria of a
certain product or process to minimize waste and environmental impact. Life cycle
impact assessments typically consist of 4 steps [8]. The first step includes the definitions
of the system boundary, scope, and the functional unit. The second step consists of an
inventory of the inputs and outputs of the system. Many life cycle assessments are
brought to an end at this stage and conclusions are based on how to minimize mass and
energy usage [3]. Unfortunately, this approach of making recommendations based solely
on the life cycle inventory does not consider "whether some categories in the inventory
analysis are more hazardous than others" [3]. The third step is comprised of transforming
the values obtained in step 2 into factors of environmental performance. The last step is
interpreting the results of step 3 and recommending process improvements if feasible [9].
SETAC has a different, but similar 4' step, which is termed "improvement assessment"
which is a way to improve the impact assessment [6].
Life cycle assessments are typically conducted for user products, but can also be
used proactively for process selection, design, and optimization [6]. Burgess, et al. stated
that a life cycle assessment conducted on a product is also valid for the processing steps
involved in the manufacture of the product [3]. The purpose for conducting an LCA for
a process is different than an LCA conducted on a product [3]. Contrary to the previous
claim, Chevalier et al., stated that a life cycle conducted on a process is more thorough
than a life cycle conducted on a product [4]. A life cycle assessment on a process is
usually conducted in the research and development to determine if there are other options
such as replacement of a solvent with a less environmentally harmful solvent, comparison
of the process to the processes used by competitors, and also to reduce liability [3], [4].
A product life cycle analysis is typical done for the purpose of marketing and policy
making [3]
Goal and Scope of a Life Cycle Assessment
Defining a boundary for a life cycle assessment is a difficult task. The
International Standards Organization 14040 standardized life cycle impact assessments in
1997 [10], [11]. This states that a life cycle assessment should be conducted in terms of
elementary flows. This was typically understood as from the cradle to the grave, which
included raw material mining to the disposal of the product. This included all the supply
chains for a specific life cycle assessment [9]. The standard was further refined by ISO
14041. This stated that certain processes, inputs, and outputs can be omitted if these
processes are deemed insignificant [3]. Burgess, et al. stated that assumptions concerning
the boundary conditions are necessary to maintain manageability and the law of
diminishing returns can be seen after three upstream processes. Unfortunately according
to ISO standards, this data must be collected before it can be disregarded. The functional
unit is typically 1 ton of product for processes, but can be specified where product
effectiveness is an issue [3].
Suh et al. stated that the ISO standards for excluding and including processes in
system boundaries are difficult to determine because the cutoff criteria typically do not
have a scientific basis [12]. Also excluding or including a process to extend the
boundaries can be difficult if the practitioner has no experience on the specific process.
Methods for life cycle inventory
This portion of a life cycle analysis is the collection of all the data that will be
used in the life cycle analysis. The quality of the data is an important part of the life cycle
inventory process. According to Burgess et al., the results of the life cycle assessment are
only as good as the input data. The data obtained in some life cycle analysis may be
controversial due to the source of the data. This is usually the case when the data is
proprietary or from a confidential source [3]
There are four main methods of conducting a life cycle impact inventory. These
methods are economy scale, life cycle scale, equipment scale, and a hybrid LCI [9].
There are advantages and disadvantages to each of these methods. The methods listed
are listed from the most general to the most detailed. The most general analysis contains
all the information from cradle-to- grave, but is not specific for an individual process,
while the most detailed method is typically used for gate-to-gate analysis.
The first method is the economy scale [9], [13]. This type of method typically
uses national statistics about resource use and emissions from a specified sector and
considers the whole economy. Typically this is an advantage in this process because the
boundary can be defined as cradle to grave. The most well known method in this
category is the EIOLCA software developed by Carnegie Mellon [13]. There are two
disadvantages to this approach. Typically an assumption must be made concerning the
products. This assumption assumes there is a linear relationship between the dollars
spent on the product and its environmental impact. For some cases this may be true, such
as in the case of obtaining a higher purity for a chemical, but in other cases, it does not
hold true, such as cars [13]. The researchers to this method clearly state the limitations
and use a car for an example foi the limitations. There is also another drawback to using
this type of method. The data typically used is that most of the data is collected from the
entire industry. This assumption may be valid assuming that the company is around the
average, but the given company may be a leader in sustainability or may be operating
inefficiently or may be using an out of date process.
The second method that is typically used is the life cycle scale [9]. This scale
typically focuses on a specific sector. These life cycle inventories are the typical
inventories used in industry. This type of data is more detailed then the data offered in
economic scale analysis, but does not include a large degree of details about the
individual processes, pieces of equipment, or other reactants/catalysts that could be
considered negligible. There is a small issue about boundary selection in this type of
inventory. The results of any life cycle analysis are highly dependent on the boundary
selection of the system. For example, if a person was comparing two drugs which did the
same thing, but for one drug they conducted a gate-to-gate analysis and for the other drug
they conducted a cradle to gate, the analysis could led to a different conclusion.
The third type of method for conducting a life cycle inventory is on the equipment
scale [9]. This method is not used often for a full life cycle assessment even though the
most accurate data can be obtained from this method. The issue with this method is the
amount of time, resources and access needed to conduct a full life cycle inventory. This
type of method is used for gate-to-gate analysis of various processes. Another issue with
this method of conducting an LCI is that a comparison is relatively difficult to obtain
since a gate-to-gate inventory does not account for how the given raw materials are being
produced. This type of method is usually supplemented with data from the previous 3
LCI methods.
The fourth type of method is the use of a hybrid life cycle inventory [9]. This
method combines the features of the economic, life cycle and equipment scale. The
motivation behind this method was to try to overcome the shortcomings of the various
methods. The hybrid methods combined the economy scale with the life cycle scale to
give a cradle to grave analysis with more detailed information on the specific industry or
can be a combination of life cycle scale analysis combined with equipment scale analysis
[12]. The advantage to this method is that it fills in the gaps that are left from the life
cycle scale with data from the economic scale, which enables the person conducting the
life cycle assessment to have a full cradle to gate life cycle. This type of life cycle also
has the limitations of the economic scale for the data that is taken from the economic
scale.
There are other methods that can be used for a life cycle inventory which include
a limited life cycle inventory [7]. This only considers a small amount of metrics such as
mass, water usage, energy, toxics emitted and overall pollutants emitted. This uses in-
depth calculations, but does not consider all of the metrics stated by Allen and Shonnard
[8]. Another method for life cycle assessment was proposed by Lei et al. called "the
Most of the Most" [14]. This consisted of finding the most significant impact factors and
then selecting the most significant phases. This process was meant to consider the whole
process life cycle, but severely limits the size of an LCA.
Another way to conduct a life cycle assessment is in terms of exergy. Exergy is
the available energy for the specific process [15]. This method reduced the amount of
double counting involved in a process [15]. According to Cornelisen et al., an exergetic
life cycle assessment is a good tool to use in the area of depletion of natural resources and
stated that life cycle assessments are weak in evaluating the depletion of natural resources
[16]. An exergetic analysis compares the irreversibility of the different products and
whichever product has the lower irreversibility is more sustainable [15], [16], [17].
Cornelisen et al. compared coal, green wood, and dried wood in an exergetic life cycle
assessment. According to the study mentioned above using waste wood as chipboard
instead of as an energy source gives less depletion [16]. It was also found that using
green wood for electricity than for chipboard gives less depletion of resources than using
waste wood for electricity production mainly due to the factor that the green wood would
have to be dried prior to being used in chipboard production [16]. Ukidiwe et al., stated
that the exergetic life cycle assessment does not account for various ecological resources
and suggests that a thermodynamic life cycle assessment can be used in place of an
exergetic LCA [18].
If there is limited information given on a specified process from the manufacturer,
there are a series of heuristics that can be used to determine various parameters that are
not given [19]. Jimenez-Gonzalez et al., proposed a methodology that can be used if the
information is not given or is unknown [20]. This includes the inlet temperature and
pressure, reflux ratio, fugitive losses and to account for any water in contact with other
chemicals as contaminated. Jimenez-Gonzalez et al., mentioned that by using this
approach will give a 20% error, but the error is smaller than not having any data for the
process [19].
Impact assessment and analysis
There are many factors that could be considered in the impact assessment stage of
a life cycle analysis. There are 3 steps that are conducted in an impact analysis which are
classification, characterization and valuation. The first step is classification. In this step
the compounds are grouped according to impact categories. Xun et al., stated that there
are 4 classes of metrics that.can be used in the impact portion of the life cycle assessment
[21]. The first of these categories is generic for both chemical and site. The second
category is chemical specific, but does not account for environmental conditions. The
third class is chemical specific in a generic environment, such as a chemical's global
effects. The fourth class is site and chemical specific, such as releases into a specific
waterway. Typical impact categories include global warming, ozone depletion, smog
formation, human carcinogenicity, atmospheric acidification, aquatic and terrestrial
toxicity, habitat destruction, eutrophication, and depletion of non-renewable resources
[3], [8], [22].
Characterization is the second step on an impact analysis. In the characterization
step, the mass or dollar amount of material is multiplied by the potential for the
compound to cause an impact on a specified criterion such as global warming. When two
similar products are compared and one product is higher for all impact categories are, no
further analysis is needed, but this is rarely the case [8].
The valuation step consists of determining which impact categories are the most
significant from the characterization step. Also in the valuation step, the total amount of
ocean and land that are needed to "buffer" the various environmental impacts are
calculated [8]. It is also possible to conduct the valuation stage in terms of monetary
value [3], [13]. Burgess, et al. stated that is difficult to develop a set standard for
assigning relative weights to the categories because there is no clear consensus on how to
carry out the stage of valuation [3]. Shonnard et al., developed a way to determine the
specific weighting of the category using the relevance of the category in a specific
country [22]. Shonnard et al., also showed how weighted factors can be used to
determine which factor contributes most using societal factors [22]. Shonnard et al., use
a process called Eco-Efficiency to determine which process causes the least
environmental impact at the lowest normalized cost.
Previous Studies in Life Cycle Assessment
Typical life cycle assessments are conducted in the product review stage during a
process [23]. During the product review, the plant, prototypes, and detailed design of the
product have already been done.
Mueller et al. stated that life cycle evaluation is needed at the planning stage of
product development [23]. Mueller et al. investigated the disposal of multifunctional
chip cards, which are used in a wide variety of electronics [23]. This article breaks down
the amount of material used for each board, how much is recycled, how much material is
incinerated, the toxic emissions and the energy required to mine/produce the material.
This shows that the board is made of roughly half PVC, which accounts for 2/3 of the
toxic emissions, but only 8.1% of the total energy to produce. On the other side, the
silver oxide is only used in 2.5% of the product by weight, but takes the most energy to
produce.
There have been studies conducted for electricity generation. One of these studies
focused on the use of natural gas, heavy oil, or coal for use in a co-generation plant [24].
This paper used a numerical eco-load total standardized evaluation system developed by
the authors to determine which type of fuel would be best to used in the co-generation
plant. This article found that coal, and not natural gas had the lowest eco-load. The
study by Goralczyk compared hydroelectric, photovoltaic cells, wind turbines, oil, coal,
and natural gas [25]. Goralczyk found that electricity from hydropower had the least
environmental impact [25]. Another study was conducted by Schleisner, which focused
on wind farms [26]. This study was a typical life cycle inventory study that focused on
the materials used to manufacture the windmills, but stopped short on the analysis
portion. In the study conducted by Schleisner, it was found that 2% of the electricity
generated during the windmill's lifetime was used to manufacture the windmill
components [26].
A life cycle assessment for various forms of production for hydrogen has also
been conducted. Koroneos et al., cited 6 ways to manufacture hydrogen [27]. These are
photovoltaic cells, solar thermal energy, wind power, hydroelectric power, biomass
degradation and natural gas steam reforming [27]. Generation of hydrogen from wind
has the least environmental impacts for greenhouse gas formation, acidification,
eutrophication and smog formation [27]. Hydrogen formation using photovoltaic cells
has the largest total environmental impact [27]. The recommendation of Koroneos et al.,
is to use wind power, hydropower and solar thermal power to produce hydrogen since
these are the "most environmentally friendly methods" [27].
There was also a life cycle assessment on two different anodizing processes [28].
This consisted of six life cycle stages and two different ways to anodize metal. The two
processes were a mixture of boric and sulfuric acid and the other process used chromic
acid. This article used a series of matrices to determine the environment impacts of the
two processes. According to Eagan et at., the process using the mixture of boric and
sulfuric acid is a better choice over the process using chromic acid [28].
Tan et al., have conducted a life cycle assessment for an aluminum supply chain
[29]. This was a cradle to gate life cycle assessment of an aluminum billet, which
included the mining of bauxite, the processing of the alumina and the final casting
process for 3 plants located in Australia. Four different scenarios were analyzed, a base
case, a reduction in scrap metal, a reduction of scrap metal and a more sustainable
practice for the smelter, and the latter with clean coal technology. Implementation of the
last case decreased the global warming potential by 21%, and also decreased the all other
emissions [29].
A few life cycle assessments have been conducted on the pharmaceutical industry.
One study conducted by Jodicke et al., focused on one processing aspect of an
intermediate with a metal catalyst or bio-catalyzed with yeast [30]. It was shown that the
solvents used in the extraction of the product played a large role in the environmental
impacts.
Life cycle assessments have also been conducted on desalination technologies.
One study was conducted by Raluy et al. and used SimaPro 5.0 software for the analysis
portion. There were 3 desalination technologies that were compared. These were multi-
effect distillation, multi-stage flash and reverse osmosis [31]. The study focused on the
environmental criteria of carbon dioxide, nitrogen oxides, non-methane volatile organic
compounds, and sulfur oxides. The analysis of the paper published by Raluy et al.
focused on integrating the distillation process and flash process with a cogeneration plant
and with reverse osmosis. This study also compared different regions. These regions are
dependent on different types of fuels for electricity. It was found that in the average
European, Spanish, and Portuguese regions that a multi-stage flash had the least
environmental burdens, but in the French and Norwegian models, reverse osmosis had
the least environmental negative effects using Eco-indicator 99, Ecopoint 97 and CML 2
baseline [31]. Raluy et al. also stated that using a hybrid plant cuts down energy usage
by 75% [31].
There are also a number of studies done on industrial paint coatings. One study
done by Shonnard et al., compared 5 different coating processes for wooden doors [22].
From this analysis the UV coating process has the least risk potential, raw material
consumption, emissions and energy consumption [22]. Papasavva et al., also conducted
a life cycle assessment on paints which focused on paints used in the automotive industry
[32]. This study focused on 3 types of coating materials; primer, basecoat and clear coat.
Three primers were investigated, one solvent borne and 2 powders. One powder was
acrylic and the other powder was polyester. The 2 basecoats that were used were
waterborne which are white and pewter. The 2 clear coats were both acrylic, but one was
a solvent clear coat while the other was a powder clear coat. The white basecoat was
chosen for the article since the energy required produced either basecoat "use about the
same amount of energy" [32]. The criteria used by Papasavva et al. were material
requirements, energy consumption, atmospheric emissions, water emissions, solid waste
emissions, particulate matter, SOx, NOx, CO, VOC, and CO2. Papasavva et al. show that
there is a trade-off between environmental factors. This is evident from the combination
of the powder primer, water basecoat and powder clear coat "the PP2-WB1-PC2 is
associated with the least energy, water consumption, solid waste and VOC. However it
exceeds the other scenarios in PM, SOx, and CO2 equivalent air emissions"[32]. There
was another life cycle assessment conducted on car painting. Dobson shows from the
analysis that incineration of the VOC compounds has the same environmental impact as
the water based paint [33]. Dobson used the same criteria as Papasavva et al.[33].
The pulp and paper industry is another industry where life cycle assessment
methodology has been applied. One example was a paper by Lopes et al., which
compared two types of fuels, heavy fuel and natural gas, which were used in the pulp and
paper industry [34]. The environmental categories were the same categories listed by
Shonnard et al. [8]. The use of methane in place of fuel oil decreased all of the
environmental parameters except photochemical ozone formation, which did not vary
between fuel options [34].
Other life cycle assessments have been conducted on recycling. One of these
studies by Rio et al., focused on the end of life recycling of plastics used in electronics
[35]. The focus of this paper was on the separation and sorting of various types of
plastics for recycling. Another study conducted by Shonnard et al., compared PET
bottles to- glass bottles with and without recycling. It was found that recycling the PET
bottles had the least environmental impact and the same normalized cost as the glass
bottle [35]. Song et al., focused on the recycling aspects of PET bottles for 11 different
scenarios and showed that as the collection ratio increases, the energy used for collection
also increases [36]. Song et al., cited that the recycle pathway which produces the least
C0 2, SO, and NOx was the closed loop and landfill pathway while the pathway which
produced the least solid waste was the pathway for pyrolysis and incineration [36]. There
was also s study for another commonly recycled product, which is paper. Ekvall
conducted a life cycle analysis for recycling newsprint in Sweden [37]. Shiojiri et al.
conducted a life cycle assessment on recycling sulfur hexafluoride used in the electronics
industry. [38]. There were different ways to use and to recycle the sulfur hexafluoride.
From the study conducted on sulfur hexafluoride "energy consumption as well as global
warming risk can be reduced by using a mixture of SF 6 with nitrogen as an insulating gas
compared to SF 6", but the other environmental impacts will increase due to transportation
to the recycling plant [38].
There have been life cycle assessments conducted on waste management.
Jimenez-Gonzalez et al., conducted a partial life cycle inventory on 3 different waste
treatments for pharmaceutical waste [20]. These life cycle inventories were conducted on
wastewater treatment plant, an incinerator, and solvent recovery [20]. Chevalier et al.,
compared two flue gas treatment processes for waste incineration using life cycle
assessment [4].
Gasoline and other fuels have also had life cycle assessments completed on their
manufacture and use. Major uses of these fuels are in vehicles, which is a concern of a
few of these studies. Furuholt conducted a study comparing gasoline and diesel [39].
This study focused on the production of diesel, gasoline, and gasoline with MTBE. This
study focused on the manufacture of 1000 L of fuel in Norway. The factors that were
considered in this study were global warming, photo-oxidant formation, acidification,
eutrophication, fossil energy and solid waste. The impacts in the environmental
categories listed above were also conducted on the basis of 1 MJ of energy. Both studies
found that gasoline with MTBE contributed the most to the categories listed above. It
was also found that diesel fuel and gasoline have approximately the same scaled values
for acidification, eutrophication, and solid waste, but gasoline without additives has 1.5
times the global warming, 2.6 times the photo-chemical oxidant formation, and uses 1.5
times the fossil energy as diesel [39]. Another study on automobile fuel options was
conducted by MacLean et al. [40]. This study focused on light duty vehicles and the CO2
equivalent gases released during manufacture, gasoline refining, operation, maintenance,
and other services. The author cites that 73% of the greenhouse equivalent gases are
released during operation. MacLean et al. proposes viable alternatives to the use of
gasoline in vehicles. MacLean et al. emphasized that although battery powered vehicles
have zero emissions there were other factors, which have a negative environmental
impact such as the use of heavy metals [40]. Hybrid vehicles are also discussed as an
alternative, but "the higher sales price of the Prius is not justified by fuel savings,
emissions reductions, or a combination of the two." [40]. Diesel fuel is also another
alternative, which has a well to tank efficiency of 24% while gasoline only has 20%
efficiency [40]. There are also some drawbacks to the use of diesel, which include higher
NOx and particulate matter emissions [40]. Ethanol is a viable alternative as an alternative
fuel source, and there are two renewable processes that can be used to obtain ethanol.
The first way is from plant cellulosic material. The well to tank efficiency for this
material ranges from 80-95% and the emissions are 15 g CO2 equivalent gases/MJ [40].
The other way is to use corn to manufacture ethanol. This process releases 6 times as
much CO 2 equivalent gases/MJ as the previous process [40]. MacLean et al., also cited
that fuel cell vehicles are 20 years away from having a large number of these vehicles on
the road [40].
Other than fuels, life cycle assessments have been preformed on other sectors of
the transportation industry. One study focused on the catalytic converters for passenger
cars [41]. The goal of the life cycle study conducted by Amatayakul and Ramnas was to
compare the life cycle impacts of a catalytic converter and the environmental benefits in
terms of emission reductions through the exhaust pipe [41]. The study on catalytic
converters focused on a cradle to grave study, but excluded the mining and transportation
of raw materials since no data was available. The criteria used for environmental loads
were global warming potential, waste, eutrophication, acidification, resource use and
photochemical ozone creation potential [41]. It was found from this study that waste and
global warming are drastically increased, but acidification, eutrophication, and
photochemical ozone creation potential are drastically decreased [41]. Auxiliary power
units for diesel trucks were compared by Baratto et al [42]. The environmental criteria
used were the same criteria as mentioned by Shonnard et al. [8], but also included the
toxicity for humans, terrestrial species and aquatic species. It was found the auxiliary
power unit had the least impact for all the categories [42]. An economic analysis was
also conducted and it was found that the payback period was slightly over two years [42].
Other life cycle assessments have been done on consumer products. A life cycle
assessment was conducted by Shonnard et al., in which processes for various indigo dyes
for dying denim were analyzed. A 2-D plot was used with the axis being cost and
normalized environmental impact [22]. It was found that the dying the denim
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electrochemically in a 40% vat solution has the least environmental impact and the least
cost while dying the denim using indigo plants has the most environmental impact and
the most cost.
There have also been life cycle assessments conducted on the food industry. A life
cycle assessment was conducted on milk production by Cederberg et al. [43]. The study
conducted by Cederberg et al. compared organic milk farms to conventional milk farms.
For this study there was an increase in global warming due to organic farming, but a
decrease in other compounds such as carbon dioxide and N20. Most of the acidification
potential for both of the systems was due to "ammonia evaporation from farmyard
manure" [43]. The eutrophication parameter was estimated for this study and was based
off of the manure application rate and a higher phosphorous surplus on conventional
farms [43]. Cederberg et al., stated that organic farming reduces pesticide use, global
wanning, acidification and eutrophication [43].
Zabaniotou et al. conducted a study on two types of egg packaging material,
recycled paper and polystyrene. The functional groups for this study were done on a
packaging basis instead of a mass basis. The environmental factors used in the study for
egg containers were global warming, ozone depletion, acidification, eutrophication,
particulate matter, heavy metals, carcinogenic substances and photochemical ozone
creation potential [44]. This study concluded "PS packages contribute more to
acidification potential, winter and summer smog formation, while recycled paper egg
packages contribute more to heavy metal and carcinogenetic substances impact." [44].
Another study on food packaging was conducted by Bohlmann, which focused
on a comparison of polypropylene and biodegradable packaging [45]. The functional
unit for this case study was the packaging required to fill 1000 kg of yogurt. The
environmental criteria used for this comparison were energy and greenhouse gases. The
biodegradable package consumes less energy, but has slightly higher greenhouse gas
emissions. Bohlmann cited that the greenhouse gas emissions are equivalent if the
biodegradable packaging is fully decomposed in the landfill [45].
Another study by Anderson et al. conducted a life cycle assessment on tomato
ketchup [46]. The study on tomato ketchup was intended to identify "hot spots" in the
life cycle of the product [46]. In this study, it was found that food processing contributes
the most to greenhouse gases, human toxicity (CML provisional method), and
acidification. From the study conducted by Anderson et al. the major contributor to
eutrophication is the agriculture sector [46].
There has only been a limited number of life cycle assessments conducted on
pharmaceutical products. The pharmaceutical sector has a unique situation unlike other
sectors. Improvements to the processing of various pharmaceutical ingredients can not be
made once a new drug application is filed with the FDA. There has only been one study
conducted by Jimenez-Gonzalez et al on a pharmaceutical product.
Jimenez-Gonzalez et al. conducted a cradle to gate life cycle for a pharmaceutical
product for GSK [47]. The criteria used for this study were eutrophication, acidification,
greenhouse gases, photochemical ozone creation, energy and mass. It was found from
this cradle to gate study that the process contributes most to eutrophication, ozone
creation, total organic carbon, energy and raw materials while energy contributes most to
greenhouse gas formation and acidification [47]. The manufacturing process is broken
down further and shows the impact of solvents, chemicals, and internal drug manufacture
on the environmental criteria listed above. Jimenez-Gonzalez et al., also stated that
solvent selection contributes significantly to the impact of the manufacture of a
pharmaceutical product [47]. Solvents contribute 75% to the energy use, 80% of the
mass excluding water, and 70% of the ozone depletion [47]. Energy also contributes
70% to resource depletion and 90% to green house gas emissions [47]. Jimenez-
Gonzalez et al. also compared two processes for making sertaline. These were the THF
and TOL processes [48]. These two processes were analyzed from the lab scale to the
production scale. It was found that in the processes the energy usage decrease by 70%
and 73% [48]. It was also found that there is no significant energy difference during the
final production stage of the product with regard to the 2 different processes [48]. The
criteria used for this study were eutrophication, acidification, greenhouse gases,
photochemical ozone creation, energy and mass. It was found form this cradle to gate
study that the process contributes most to eutrophication, ozone creation, total organic
carbon, energy and raw materials while energy contributes most to greenhouse gas
formation and acidification [47]. The manufacturing process is broken down further and
shows the impact of solvents, chemicals, and internal drug manufacture on the
environmental criteria listed above. It was also found that there is no significant energy
difference during the final production stage of the product with regard to the 2 different
processes [48],[ [49].
Jimenez-Gonzalez et al. also explained the limitations of life cycle analysis for a
pharmaceutical process [49]. Along with each route, the materials used in the processing
were taken back to preliminary starting materials such as crude oil, pre-filtered water or
corn. For these processes a life cycle assessment was conducted to determine which
process is the more environmentally friendly process. For this analysis, terrestrial
toxicity, land use, and resource depletion were not considered during the life cycle
assessment [49]. Transportation of the raw materials was included in this analysis.
Allocation of energy and pollutants if a plant produced more than 1 material was
allocated on a mass basis. Solvent recovery for this process was assumed to be 75% for
full production and 0% for laboratory scale [49]. Waste treatment was also considered in
this paper. The waste treatment considered organic compounds, inorganic salts and
solvent incineration
The analysis was conducted using a life-cycle assessment software package,
ECOPROO 1.5 but the author cites that other software packages were compared to
ECOPRO0 . These software packages included PEMSo, SIMAPRO , and LCAITo.
Several different models were also used during the analysis portion. These included
BUWAL, CML and Eco-indicator 95 [49]. There is a newer version of Eco-indicator,
which was released in 1999, which was not used for the analysis. A comparison was
made between various refineries using the various types of software packages. There are
some technical errors in the software programs that are not physically possible. When
comparing the methodologies and software packages the authors cited the example of
ammonia production as a case study to prove the point that different literature values give
different results in terms of materials used, water used, energy and emissions. The
values the authors obtained were approximately the same as the values obtained from
EFMA and BUWAL for most of the parameters investigated. The authors concluded the
compounds in a typical LCA database are only a small portion of the compounds present
in any given pharmaceutical product and that it is difficult to obtain LCA data on the
compounds that are not in a database due to legal ramifications [49]. Jimenez-Gonzalez
et al. further stated that a gate- to-gate estimation method is better than missing data. [49].
It appears as though there are some inconsistent values, which are present in all of the
software packages. Unfortunately, the author does not recommend which software
package to use in place of another software package, which could be useful information.
The graphs given in the paper show that SIMAPROC and PWMI' give the median to low
values as compared to ECOPRO©, PEMS0 , and FRANKLINo [49].
A heating and cooling sub-module was developed to determine the heating,
cooling, and waste treatment that is used in a process. This gave heuristics about how to
calculate the heating and cooling for each process and to back calculate the heating and
cooling emissions for the processes. Heuristics on lowering the energy input was not
included in the thesis. Using a methodology for lowering the energy is more important
for future projects than lowering the energy in one specific project. One example for this
case would be switching the process from batch to continuous which would allow heat
integration to be conducted on the final process. It should be noted that at the pilot scale
the largest decrease was noticed. The authors attribute this decrease to the reduction of
mechanical energy and that all the energy is being provided by electricity at the
laboratory scale. There was another issue with this article, which is that no processing
conditions are listed. It should be noted that most pharmaceutical processes do not have
significant heating/cooling and energy requirements simply because most operate close to
ambient temperature and pressure. For fermentation-based products, such as pravastatin,
there is very little heating or cooling required for the process, and the largest energy
usage can be attributed to the RO pumps and the mixers. In other processes, fugitive
emissions from the process are approximately the same magnitude as emissions from
energy consumption. Heating and cooling could be neglected because these do not
constitute a large amount of energy usage in an LCA for many pharmaceutical processes.
Jimenez-Gonzalez et al described a methodology for comparing different
processes using 4 main categories for a comparison. These categories are environment,
safety, efficiency, and energy. These categories have a list of indicators for each
category. For example, for the environment category there are 4 mass indicators, which
are mass intensity, solvent intensity, waste intensity, and process emissions. These are
calculated on a weight-by-weight basis such as kg mass/ kg active pharmaceutical
product (API). The advantage to using a weight-by-weight method is that it incorporates
the percent yield into the category indirectly. The life cycle category only includes CO 2.
The individual indicators are compared and are given a score of 0, 5 or 10 with 0 have a
disadvantage, 5 being neutral and 10 having an advantage [49]. The scores were
averaged and the numerical average is correlated with a color that is put into the main
categories with 2.5 or lower being red, 2.5-7.5 being yellow and above 7.5 green [49].
From the life cycle assessment, it appeared as though the route that used ethanol as the
starting solvent was the most efficient and the most environmentally friendly process.
The criteria that were used in other portions of the paper were global warming potential,
ozone depletion potential, acidification, nitrification, carcinogens, smog formation, and
complexity of steps [49]. From the life cycle analysis, it appeared as though most of the
global warming potential came from the energy generation while the process emissions
contributed the most to acidification, nitrification, carcinogens, smog formation [49].
Transport related emission contributed to a large degree to the ozone depletion potential.
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The author cites that these percentages can be used to find the problem areas in each
process and to decrease the "problem" areas. The process that used ethanol as the
starting solvent also had the smallest mass intensity [49].
With the larger indicators, the engineer or scientist can then look at the chart and
determine which category is "more" important and add a weighting factor to that specific
category. This method is open to interpretation of the engineer of scientist making the
decision on which process to use for the plant. This method also has a disadvantage
which is knowledge about the analyst's own plant. The analyst may not know of a piece
of equipment that is being underused that could be used to clean up a waste stream which
would skew the results of the method. The alternative is also true; another project may
be in the process of being built which would push a certain process unit to capacity
without the analyst's knowledge. The numerical method in general is also a
disadvantage. Having a scale from 0-10 is not the most accurate way to gauge
environmental criteria and could bias the analysis portion. A better way would be
normalize the data using the highest or lowest value.
Complexity was considered as a criterion by Jimenez-Gonzalez et al. [49].
They do not address the societal ramifications that could be considered when using
complexity as a criterion specifically for this drug that is an anti-depressant. Decreasing
the complexity for a process makes it easier for the manufacturer to make the drug, but it
also makes it easier for another person to make the drug illegally. For pain relievers and
anti-depressants, making a more complex process may decrease the societal impacts.
There are other drugs such as anti-cancer medicines where this is not the case, due to the
well known and documented side effects of chemotherapy.
Jimenez-Gonzalez et al. also use substance trees in their analysis. Substance trees
are a simple way to account for raw materials, but do not count multiple products from
the same plant. This makes it very easy to double count the mass and energy of side
products. For example, in the manufacture of NaOH, there are several ways for
purifying sodium chloride where some processes use more energy and some processes
use less [50]. Also, a byproduct of sodium hydroxide production is chlorine gas, which is
typically used to make HC1, but the product tree shows these compounds in two
completely different areas [50]. HC1 could potentially be made from methylene chloride
production, dichlorobenzene production, sodium hydroxide production or all of these
processes as a side product [50]. Another concern with this analysis is that everything is
on a comparison basis, thereby downplaying some areas of importance and making
negligible criterion as important problems that should be addressed in the process.
Solvent recovery, incineration, landfill, and waste treatment are all considered
[49]. The energy requirements and limitations are outlined effectively for each disposal
method. There was one disposal option that was left out. This option was selling the
solvent waste to another facility for use as a paint solvent. Use as a paint solvent would
drastically change the dynamics and environmental implications listed in this chapter.
The methods mentioned only account for the soil and water releases along with
chemically modified releases into the air. The compounds released during painting are a
direct solvent release into the air and will have a completely different impact. This also
provides an environmental justification for recovery and recycling of solvents vs.
disposal, but still does not consider solvent usage for other purposes outside the plant. If
an outside vendor was using the waste solvents as a solvent for another purpose, than
using solvent recovery would contribute more to the environmental factors since fresh
solvent would have to be made for the outside vendor. In the case of solvent recovery,
more energy would be spent to purify the solvent for internal use inside the plant.
Background of the Pharmaceutical Industry
There are a large number of issues that are present in the pharmaceutical field that
make the field unique. These issues include the manufacture multiple unique products, a
large number of constraints by the FDA, limiting factors within a process and separation
techniques that are benign to the compound. Some of these constraints are outline by the
FDA [51]
There are a number of issues with applying green engineering and life cycle
assessment to pharmaceutical products. The first issue is that comparative life cycle
assessment studies are difficult to conduct. Pharmaceutical companies make similar
products, but may have different processes. A given pharmaceutical company will not
give their various process parameters for a drug to a competitor for a comparison.
Another issue is that the green engineering and life cycle assessment studies are
typical conducted for internal documentation and not used when the new drug application
(NDA) is submitted to the FDA for approval. The primary concerns for consumers are
how well the drug works, the side effects of the drug, cost, and supply. Normally the
environmental sustainability of a drug is not a concern to the end consumer or the FDA.
There is another disadvantage that makes life cycle assessment difficult for drug
manufacturers. This is that most pharmaceutical companies make a variety of drugs
ranging from mild over the counter pain relievers to anti-cancer agents. One day a drug
company may be making a statin drug and the next day making a drug, which has anti-
cancer properties or is an antibiotic.
The benefits are that the company does not have to invest heavily in other
equipment costs and maintenance and this approach lends itself well when fermentation
is involved since the time it takes from initiating fermentation to harvest usually takes 7
to 10 days. Another positive aspect is that fewer pieces of equipment save floor space.
It is much easier to provide space for 1 piece of equipment than 7 pieces of equipment.
Another negative aspect is that most of the equipment is not specifically made for each
drug. For example, the centrifuge may be made to handle 10000 L/hr, while the
fermentation beer for the drug that is being processed that day may be only 3000 L total.
To relate this to another industry that uses a distillation column. If the flow rate for a
distillation column was decreased by 70%, there would be a large amount of issues such
as weeping. The other option available is to not separate or recycle the solvents. This is
typically the case since the volume of waste solvents produced is not worth recovery or
cannot be reused due to FDA regulations unless certain certifications are obtained for the
recycled solvent. There are other constraints that the drug manufacturers have to follow.
Pharmaceutical manufacturing can be broken down into two distinct categories,
biochemical and organic synthesis, which have distinct equipment for each. Within each
category the equipment used in the manufacture of one drug is typically the same
equipment used to make all the drugs; there may be a few specific pieces of equipment
for each drug, but most of the equipment is the same. For example a filter used to
separate a crystalline API from a liquid solvent may be used for 10 different products in a
given year. This approach has both positive and negative consequences for the company.
Developing an LCA for this process is rather difficult because it is not a
continuous process. Allocation of the specific piece of equipment is also difficult since
there is not a "good" way to allocate each process. Using the cost to manufacture a
specific drug is not an accurate way to determine the allocation of the equipment.
One drug may be 10 times the cost of another drug because of a raw material cost
or inclusion of a precious metal in the drug itself. An example of this would be in the
case of cis-platinium, which is an anti-cancer agent. If Platinum cost approximately
$900/ounce and accounts for 65% of the API weight then this would be a significant cost.
Another way to allocate the materials equipment is by using weight. There are
also drawbacks to this approach, which are related to dosage. One drug may "work"
better then another drug, but may be made in a similar way.
There are some benefits for the use of green engineering in the pharmaceutical
field. Many drugs that go "off patent" are produced by other suppliers and are known as
"generic drugs." A substantial portion of the generic drug industry success is dependent
on decreasing the solvent usage and gaining a competitive advantage. A way of
achieving a competitive advantage is to reduce liability and environmental risk.
Competitive advantage is also gained by managing resources properly. A life cycle
analysis can be used to generate proper resource management and identify "problem"
areas in a process.
Another advantage is that life cycle assessment and green engineering allows
scientists and engineers to track their progress through drug development. This allows
the analyst to determine what aspect of the process has the most environmental impact.
The analysts can further adjust the process to minimize the impact on the category by
changing the process.
A third advantage is that potential drugs can be flagged because of increased legal
liability during the early stages of drug development. Once a life cycle study is
conducted, some software packages give results in either life-years or disability affected
life years (DALY). If the projected amount of lives saved is less than either the DALY or
the Life-Years, the drug should not be made or a large number of modifications should be
made to the process prior to the manufacture of the drug.
Most pharmaceuticals are produced in batch processes and the processing is
limited by some factor within the process. The limiting factor could be volume,
concentration, heat transfer, or stability of the product or an intermediate. This is
especially true for microbial produced drugs. Most drugs and intermediates are poisons
to microbes at various concentrations, so there may be a limited amount of drug that can
be produced per batch, regardless of how much intermediate is added or how much time
passes. There are also other unique factors, which make pharmaceutical processing
different and include separation techniques employed.
Separation of the drug from a solvent is very difficult process compared to the
separation techniques applied by other industries. Traditional distillation and
crystallization will not work. Traditional distillation could potentially destroy the
product. In traditional crystallization, approximately 10% by weight of material is used
to seed the solution, but this cannot be used in the pharmaceutical industry due to cross
contamination problems. The techniques employed consist of liquid-liquid extraction,
vacuum filtration, adsorption, crystallization with extremely small amounts of API, and
to some extent chromatography [53]. In chromatography there are a large amount of
scale up problems and this technique is usually avoided. The main focus of these
separation techniques is to obtain a very high purity product. In order to obtain this high
purity product, the overall yield is sacrificed for the safety of the end consumer. In many
cases the recovery of other phase or medium is not considered because it is not cost
effective to safely recover an API, active pharmaceutical ingredient, from the waste due
to impurities.
Background for Green Analysis of a lab-scale fermentation based API
One way to produce a drug is by having microorganisms metabolize a certain
compound and change the compound into the desired drug. Although this manufacturing
route is typically greener than drugs made by organic synthesis, it is still is raw material
and separation intensive and consequently is an environment concern. Most of the
solvents used in these processes are volatile organic compounds. Strong acids and bases
are also typically used in the processing to change the solubility properties of the desired
compound in a solvent.
Manufacturing pharmaceuticals by a fermentation route originated over 80 years
ago. Many organic chemicals were made via fermentation in the early 20 th century
before alternative synthetic routes were discovered. Some chemicals previously made by
fermentation include citric acid and acetic acid [52]. Fermentation involves many steps
in the production of a chemical. Most of these steps involve separating the desired
product from the microorganisms and the by-products and wastes produced by the
microorganisms.
There are a lot of material specifications that must be met for the raw materials
that are input into the process. The plants that are used to manufacture pharmaceuticals
are much like the clean rooms in the manufacture of microchips. Even water for these
processes has to meet a certain specification. This specification is usually met by using
reverse osmosis followed by deionization to remove molecules that may inhibit microbial
growth, which is followed by a UV treatment. These molecules are typically added to
water to inhibit microbial growth. Treating water in this way allows microbes to grow
uninhibited by antimicrobial agents present in tap water [53].
The water cannot be used directly from a public water supply because any
microbes that are added may die. On the other hand, treating the water and storing it
under "open conditions" allows undesired microbes to grow in the water prior to use,
which would result in the water having to be retreated. This contributes substantially to
the energy required for a process.
Most pharmaceuticals made by biochemical engineering routes are produced in
batch processes [53]. The use of a continuous process for fermentation is typically not
feasible. The problems with continuous fermentation include having an extremely large
reactor, the growth rate of the microbes, control of the microbes, and other problems.
The manufacture of drugs using biochemical methods from microbes is very
separation intensive. For many pharmaceutical processes, the desired materials are
relatively unstable at high temperatures and require specialized separation techniques.
These compounds include proteins, amino acids along and other compounds. These
chemicals can also change the crystal structure at higher temperatures. This could result
in lost product at best and at worst the formation of a toxic substance. These compounds
require separation techniques that are typically solvent intensive. The techniques
employed consist of liquid-liquid extraction, vacuum filtration, adsorption,
crystallization, and to some extent chromatography [53]. Typically drugs made from
fermentation are produced in relatively low concentration in the process. For example,
pravastatin made via fermentation is only present in 3 grams per liter in the initial
fermentation broth [54]. Even ethanol produced via fermentation is on the order of 50
grams per liter [55]. The main focus of these separation techniques is to obtain a very
high purity product. In order to obtain this high purity product, the overall yield is
sacrificed for the safety of the end consumer. In many cases the recovery of the other
phase or medium is not considered because it is not cost effective to safely recover an
API, active pharmaceutical ingredient, from the waste due to impurities.
Over a period of time, drugs are replaced with newer drugs that have more
benefits and/or less side effects. Also generic manufacturers produce their own versions
of the drug, which is the case of pravastatin (sodium). Life cycle analysis plays a role in
developing these new drugs so that these drugs can be made using the same technology
or more advanced technology. Environmental management not only contributes to
recovering investment costs, but also allows for greater efficiencies in the process.
There are also drugs, which are not made by fermentation, but by organic
synthesis. Products made in this way have processing that is completely unique from
products made by fermentation.
Scale up of an active pharmaceutical ingredient
The majority of pharmaceutical products are made by organic synthesis. The
drug studied in this section of the thesis was made by an organic synthesis route. For this
drug the scale up that is involved during the production of a drug was analyzed. The
scale up is more useful to a pharmaceutical company that invented the drug since this is
extremely different then other industry.
During the scale up of a specific drug, the R&D scientists and engineers have to
be mindful of various health, safety, and processing of the drug while scaling up. In this
industry, most of the lab scale equipment is very similar to the pilot and full-scale
equipment to minimize scale-up difficulties, but there are always other problems that
arise.
For this analysis data for one specific drug, Drug A, was obtained and was tracked
from the lab-scale to the pilot plant scale. Typically there were a wide range of changes
that are made from the lab scale to pilot scale. These changes include, but are not limited
to, solvent substitution, reagent substitution, equipment substitution, etc. It was found that
there was need for an easy to use solvent selection table so that the scientist and engineers
could determine the environmental effects of the replacement of solvent with another
solvent.
Chapter 2: Definitions for the Green Analysis of the
Pharmaceutical Products
There are wide ranges of metrics that can be applied to the processing of the drug.
These metrics are dependent on where the boundary of process is set. The boundary of
study limits the analysis to processes, which are pertinent to the process. The boundary
conditions are the same for each comparison. Once the boundary is set, an analysis can
be conducted regarding the various metrics used.
Boundary, Scope and Functional Unit
As an initial estimate the boundaries for this analysis will be designated as basic
raw material input and drug output. Drug output in a crystallized form was chosen.
Within these boundaries there are manufacturing processes consisting of various reaction,
and separation processes. The scope of this life cycle assessment and life cycle
inventory includes the drug prior to formulation. Formulation of the drug was not
included in this analysis due to the variability of the dosage.
The functional unit for both drugs was 1 kg of API. A functional unit was used to
normalize the data so a valid comparison could be made. All data was averaged and
expressed in terms of a 1 kg unit of this drug. This unit was chosen because it could
easily be converted to other functional units in the industry.
For the scale up of an active pharmaceutical product (API) a gate-to-gate analysis
was used. This was chosen because some steps were outsourced to another company.
The company who was making the drug does not have a large amount of control over
how the intermediate is made.
Types of Metrics used by Pharmaceutical Companies
There are a number of different metrics that are used to determine the safety and
sustainability of a process. These included metrics (both public and proprietary) used by
individual pharmaceutical industries and various chemical engineering societies. There
was some overlap between the methods, but each organization has their own unique
metric representation. These include mass, energy, water usage, waste management,
along with other processing conditions and environmental considerations.
There is a broad category called processing metrics. The metrics in this category
include mass, energy, water, and solvent usage along with waste management issues and
solvent recovery. These factors are considered more frequently than the other metrics
since these are the basic operating parameters of a chemical plant. All of these factors
are typically used in pharmaceutical applications.
There are number of ways that mass can be reported. Gonzalez et al., used mass
intensity as metric [56]. Mass intensity is the amount of total mass needed to make 1
kilogram or pound of a product. This metric can be found by using the yield for the
upstream process, and the summation of the mass of solvents and water used in the
process. This approach is used by two engineering societies; AIChE and IChemE as
complementary metrics [57] [58]. There is a method described by Schwarz et al, which
is called "material intensity" [59]. This is the same metric, except with a name variation.
Another method to compare mass can be found by using the mass and dividing it by the
dollar amount of the final product. This is the method that is recommended by the
AIChE and is also used as a metric by IChemE [57], [58]. There is a third way that can
be used to determine the mass of material. This approach uses a mass balance on the
material and does not take into account the mass of product or dollar value of the product.
This approach is used by Cue and is also used by IChemE as complimentary method to
report mass [58], [60]. There are other metrics by AIChE Sustainability Institute and
IChemE, but these metrics are not typically used. These include the percentage of mass
recycled, the percentage of renewable resources used, and the total mass divided by the
value of money added to the product by the processing steps.
There are 3 unique methods in reporting the energy usage for a process. The
simplest method is an energy balance on the process, which only takes into consideration
the total energy used for the process [57], [58], [60]. The second method for reporting
energy is reporting the value in the form of energy intensity, which is calculated similar
to the mass intensity (total energy used for the process divided by the mass of product
produced). This technique was used by Jimenez-Gonzalez et al, Schwarz et al, and is a
complimentary metric of the AIChE energy metric [56], [59], [57]. The other approach
to calculate energy intensity is on a per dollar basis. The energy is found by dividing the
total energy used by the value of the product sold. This is the preferred method of AIChE
[57]. There are other metrics by AIChE and IChemE that are not used in a typical
analysis. These include the percentage renewable energy used, and the total mass divided
by the value of money added to the product in the processing steps.
The AIChE metric for water usage uses a water balance on the process to report
the water used, but does not consider the amount of product or the price of product [57].
This method is also used by IChemE, but reported on a yearly basis [58]. IChemE uses
other methods for determining the water usage [58]. The first of these methods is found
similar to the energy and mass intensities and is calculated by dividing the amount of
water consumed by the total mass of the product. This method was also used by Schwarz
et al. [58] [59]. The other method of reporting water usage is used by Tallis et al. this
was found by dividing the total water usage by the value added to the chemical because
of processing [58].
Waste is another metric that is frequently considered. There are a few methods of
reporting waste and waste generation. Cue measured the total waste of the process [60].
Jimenez-Gonzalez et al. and Taylor both used waste intensity as a metric [56], [61]. The
waste intensity is found similar to the mass intensity (total amount of waste divided by
the mass of product). Taylor utilized a unique approach to waste intensity by further
delineating the waste into two different categories, liquid waste and solid waste [61].
Solvent usage is another factor that is considered in sustainability. This factor is
specifically a problem in the pharmaceutical industries. Jimenez-Gonzalez et al. used
solvent intensity as a factor for sustainability [56]. Solvent intensity is defined as the
amount of solvents including volatile organic compounds (VOCs) needed to make 1
kilogram of final pharmaceutical product. In Taylor's Greenness Scorecard, there is a
solvent rating guide. This allows the user to determine which chemical is less or more
harmful based on a 0 to 4 scale. Solvents which are 4 are the most environmentally
friendly solvents, such as ethanol and water [61]. Taylor's Greenness Scorecard used
percent solvent recovery as one of the criteria [61]. Cue did not consider solvent
recovery but used fresh solvent usage as a criterion. This would result in the same
conclusion as the Greenness Scorecard. There is another consideration when solvents are
considered in a process. This metric considered the recovery and reuse of solvent from
another company's waste [58].
Volume is typically a limiting factor in most pharmaceutical applications since
the volume is typically the bottleneck in the manufacture of pharmaceuticals. Volume is
also used as a metric in pharmaceutical processing. Many liquid chemicals, such as the
solvents used in processing are typically expressed as volume instead of mass. Cue used
the maximum volume to find the volume of the process [60]. The maximum volume is
defined as the processing step where the largest volume is present. This is approach is
typically used in batch processing to find bottlenecks in the process, since the size of the
reactor limits the amount of solvents that can be used in it in a given batch and therefore
the material that can be produced. Taylor used volume intensity as a metric [61].
Taylor's approach was similar to Cue's approach except that the maximum volume was
divided by the mass of the product produced.
Fugitive emissions are the amount of released material that is attributed to
unavoidable emissions. There are two methods that are used for reporting the fugitive
emissions. Schwarz et al. and Cue used one method, which was to count the total
fugitive emissions for the process [59], [60]. There are disadvantages and advantages to
this approach. The advantages is that most simulation programs for emissions give total
emissions in a form used by most government agencies. The disadvantage is that process
improvements will not show up if there is an increased yield of the drug. The second
method is used by Gonzalez et al. and Taylor and is called the fugitive emission intensity
[56], [61]. This is calculated in a similar fashion as the mass intensity. This is the
fugitive emissions divided by the total mass of product produced, typically in kilograms.
Gonzalez et al., used the same mass units for all of the intensities, which is kg/kg API
[56]. Taylor used different mass units to differentiate between solid, liquid and fugitive
emissions, which are given in kg/kg API, L/kg API, and lb/kg API respectively [61].
Time is another factor that is used as a metric [56], [60], [61]. Time is not direct
metric, but has environmental implications. Typically fugitive emissions are a function
of time; the longer the process, the more fugitive emissions are released. The second
environmental impact with time is with solvent usage and solvent recycling. More
solvent could be recycled if the process was continuous or a processing step only took a
short amount of time. Typically longer times reflect negatively on the processing
conditions. Also since most pharmaceuticals are made in batch processes, longer times to
make the product also limit the amount of API that can be made since some drugs can
take weeks to months to produce.
Yield is another factor that is routinely considered as a metric. All the yields are
calculated on a mole basis. This is the traditional method for reporting yield. The reason
for including yield as a metric is because as the yield increases for a given batch the
various other metrics will decrease. Yield, also to some degree, reflects on the
complexity and number of processing steps. As a process becomes more complex or
more steps are included the overall yield decreases due to loss of product in various waste
streams. Jimenez-Gonzalez et al, Cue, and Taylor used this metric [56], [60], [61].
Taylor's Greenness Scorecard has a unique algorithm for calculating the yield. This
method also included the increased difficulty of reaching extremely high yields. This
also factors in the step yields. For example if a process has two steps each with a 50%
yield, the overall yield would be 25%. Obtaining a 10 to 20% overall yield is relatively
easy compared to having a yield of 90 or 99%.
There is also another step related to yield which is the number of unit operations.
This is the number of unit processes involved in each processing step. Both Jimenez
Gonzalez et al. and Taylor use the number of unit operations as a metric [56], [61]. As
the number of unit operations increases, the amount of mass, energy, and water needed
increases. As the number of steps increases, the yield typically decreases due to product
left in a previous pieces of equipment.
Conversion was also used as a metric by Gonzalez et al. and Taylor [56], [61].
The same reasoning for the inclusion of yield also applies for conversion. Conversion is
slightly different then yield in that conversion is a reflection of the conversion of raw
material to product while yield is the total usable output of drug. For example, a given
process may convert 95% of an intermediate to product, but only have a 50% yield due to
isolation losses.
Safety metrics were also taken into consideration. Jimenez-Gonzalez and Taylor
both gave a broad view of occupational hazards and process hazards [56], [61]. Taylor
gave specific examples of process hazards in the Greenness Scorecard such as worker
exposure limits [61].
Process hazards could be independent of the occupational hazards. These are
exclusive to Taylor's Green Scorecard [61]. These metrics include dust explosion
potential, charge dissipation, pressure rise rate, explosion energy, use of excessive
reagents, and the formation of gaseous byproducts. Most of these factors are based on
process safety. These issues are typically a large concern in the pharmaceutical industry
since small particles are typically produced. The use of excessive reagents and the
formation of gaseous by-products can be found through a balanced reaction. An example
is given below for a typical chlorination reaction
2Cl2 + CH4 -- HCI + CH2CI2
There are chemicals that a few companies do not use because of the liability
associated with these chemicals. Taylor uses this metric as "number of listed reagents" in
his Greenness Scorecard [61]. This metric can vary from company to company, and is
dependent on past problems with the chemical compound. For example, these chemicals
could include benzene, cyanide complexes, and certain organic compounds.
There is also a classification of environmental metrics based on overall ecological
concerns. These metrics include a human health metric, carcinogenicity, ozone
depletion, global warming potential, eutrophication, smog formation, an eco-toxicity
metric, acidification, biopersistent materials, societal implications, and land use.
The human health metric is a metric cited by AIChE as a sustainability metric
[57]. The formula for this metric is shown in Equation 1.
Equation 1
Mass *BCF* 1 Life
HHM = -- --
TLV
Where:
HHM is the human health metric
Mass is the Mass of the compound
BCF is the Bio-concentration factor
V2 life is the multimedia-weighted half-life
The PEL and TLV are set by various organizations as the maximum exposure a
worker can have without adverse effects. The threshold limit values can be found on
MSDS sheets from various chemical suppliers such J.T. Baker or Fisher Scientific and is
set by OSHA [62], [63]. There are cases when the TLV data was unavailable because of
the lack of study of the chemical, lack of use for the certain chemical or the chemical is
deemed safe. Some chemicals that are deemed safe are meat extract, which is an
ingredient for microbial growth, water, and sugar. When this was the case, the specific
chemicals are not included in the toxicity criteria. This is because the human health
metric for the chemical is close to zero. The persistence is the time it takes for the
material to decompose. The bioconcentration factor is the propensity of the compound to
be absorbed by the body and not metabolized. The persistence and the bioconcentration
factor can be calculated using group contribution theory. The calculation used for the
persistence and bioconcentration take into account every bond in the molecule and the
time it takes for the bonds to break down. This is somewhat redundant of some of the
safety metrics, which are mentioned by Taylor and Jimenez-Gonzalez et al, but this
metric takes into account the half-life of the material of interest. Taylor also counts the
bio-persistent as a separate metric [61].
The eco-toxicity metric is a metric cited by AIChE as a sustainability metric [57]
and is calculated in a similar manner to the human health metric. The eco-toxicity
represents the toxicity to aquatic species. This metric is found by multiplying the mass of
the compound by the bioconcentration factor and the multimedia weighted half-life
divided by the lethal concentration to kill 50% of fish over 14 days. Most of this data can
be found from MSDS sheets and calculated using group contribution theory for the
persistence and bioconcentration factor. IChemE has tabulated a small list of compounds
with eco-toxicity potency factors [58]. This list contains heavy metals, along with
selected organic and inorganic compounds.
Carcinogenicity is another metric of concern. Carcinogenicity is hidden within
other categories such as worker exposure limits, process hazards and process safety [56],
[61]. The sustainability metrics by IChemE include carcinogenicity as a stand-alone
metric. IChemE gives various potency factors for the carcinogens, listed with the baseline
carcinogen, benzene, having a carcinogenicity value of 1 [58].
Global warming potential is another metric that is a concern. There are a few
methods available on reporting this metric. The first method is by analyzing the global
warming potential of the materials present in the process. The table provided by IChemE
gives guidance about which materials should be considered contributors of global
warming. Most of the compounds listed are halogenated hydrocarbons, but carbon
dioxide and monoxide are included in the table along with a blanketed category for
volatile organic compounds [58]. AIChE has the core metric that is expressed in terms of
CO 2 equivalents per dollar value of the product. There are other complementary metrics
listed by AIChE, which are CO2 equivalents per mass of product sold, and CO2
equivalents per dollar value added from processing [57]. Another technique of
determining global warming is by using life cycle assessment software. Jimenez-
Gonzalez et al. employed this method in the life cycle analysis of pharmaceutical
compound, which used a complementary metric mentioned by AIChE [57], [64].
Ozone depletion is an environmental metric that is considered by various
organizations. All of the compounds that are ozone-depleting compounds are
halogenated hydrocarbons. The table provided by IChemE gives guidance about which
materials should be considered contributors of ozone depletion. Typically, CFC-11,
which is a chlorofluorocarbon, is used as the baseline for ozone depleting substances and
is given a potency factor of 1.
Photochemical smog formation is a category typically considered as a
sustainability metric. AIChE has a core metric that is expressed in terms of kilograms of
ethylene equivalents per dollar value of the product. There are other complementary
metrics listed by AIChE, which are kilograms of ethylene equivalents per mass of
product sold, and kilograms of ethylene equivalents per dollar value added from
processing [57].
Eutrophication is a criterion, which is used as a metric for sustainability.
Eutrophication is the process where bodies of water receive excessive nutrients. This is
mainly attributed to phosphorus and nitrogen containing compounds. There are a few
methods on reporting eutrophication. AIChE has a core metric that is expressed in terms
of phosphate equivalents per dollar value of the product. There are other complementary
metrics listed by AIChE that include phosphate equivalents per mass of product sold, and
phosphate equivalents per dollar value added from processing [57]. Another technique of
determining eutrophication is by using life cycle assessment software. Jimenez-Gonzalez
et al. employed this method in the life cycle analysis of pharmaceutical compound, which
used a complementary metric mentioned by AIChE [57], [64]. Another method of
reporting eutrophication is by using the potency factors given by IChemE. The table
given by IChemE represents the typical factors that contribute to eutrophication [58].
Acidification is considered as a sustainability metric and is defined as the
emissions that cause acid rain. These emissions can result from direct processing, or as a
result of combustion. AIChE has a core metric for acidification that is expressed in terms
of kilograms of SO2 equivalents per dollar value of the product. There are other
complementary metrics listed by AIChE that are given as kilograms of SO2 equivalents
per mass of product sold and kilograms of SO2 equivalents per dollar value added from
processing [57]. Another technique for determining acidification is by using life cycle
assessment software. Jimenez-Gonzalez et al. employed this method in the life cycle
analysis of pharmaceutical compound, which used the complementary metric mentioned
by AIChE [57], [64]. Acidification can also be calculated by using the potency factors
given by IChemE. The table given by IChemE represents the typical factors that
contribute to acidification that is given on a basis of tons of H+ ions released per year
[58].
There are two more environmental categories that are still in development. These
include the societal impact of a product or process and land usage. The publication by
IChemE offers some guidelines for each of these two categories, but these are not widely
used or developed. The societal impacts include meetings with external shareholders,
benefits from the company, the number of complaints, and legal actions that are taken
against the company. This can either be established on a monetary or yearly basis [58].
The land use metric is also described by IChemE and accounts for waste disposal and
some of the environmental parameters [58].
From these metrics, a list of metrics was chosen to compare the pharmaceutical
products discussed in this paper. The processing metrics for this paper included total
mass, water, solvent, and waste intensities. Also included were energy intensity and
fugitive emissions.
A list of environmental criteria was also developed. The environmental criteria
included weighted factors for global warming potential, ozone depletion, smog
formation, carcinogenicity and acidification. Other factors were also included which are
derivatives of the human health and the environmental metrics, but do not account for the
bioconcentration factor or half-life of the compound. These are the inhalation toxicity
metric and aquatic toxicity metric. The inhalation toxicity has the same formula as the
human health metric, but without the BCF and half-life factors. The aquatic toxicity has
the same formula as inhalation toxicity, but uses the LC50 for fish instead of the TLV.
There was another metric added. This metric is the ingestion toxicity. This can be found
similar to the inhalation toxicity, but uses the LD 50 for rats instead of the TLV.
These metrics were applied to two studies to determine if there were any trends
present. One study consisted of the green analysis of a lab-scale fermentation based
pharmaceutical product. The other study focused on the scale up of an active
pharmaceutical ingredient made by organic sythesis.
Chapter 3: Green Analysis of a lab-scale fermentation based
API
Pravastatin, which is made by Bristol Myers Squibb, was chosen for this analysis
since a number of processes have been investigated for the manufacture of the drug.
There are two fermentation steps involved in the manufacture of pravastatin. ML-236B
is the intermediate and is made in the first fermentation step by one type of fungi [65]. In
the second fermentation, an intermediate is converted to pravastatin by another type of
fungi [54], [66], [67], [68]. These processes were defined following two patents, one for
pravastatin and one for the intermediate. Variations and improvements in the intermediate
process is beyond the scope of this analysis. For this process the emissions released by
the fungi are assumed to be zero since the mass of microbes is insignificant in the
fermentation beer [53].
Processing
The first process in the manufacture of pravastatin was in 1982, which had an
extremely low yield. This is given in Figure 2 and Figure 3 [66]. The flows from the
patent do not, reflect the actual operating procedures used in large-scale production, but
are lab-scale applications. If the intermediate process is not included and a linear scale up
is assumed, the amount of waste generated would constitute over 1,307 drums which hold
55-gallons each of waste for each kilogram of active pharmaceutical ingredient (API)
produced [66]. Most of this waste is water, but the water still has to be treated since it
may contain microbes or harmful microbial by-products and unused reactants.
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Figure 3: Intermediate Process from Patent
I
These two processes are given on different scales so both these processes need to
be scaled up. Each chemical was totaled for use in the processes for the LCI:
For the pravastatin and intermediate processes the scale up can be seen in Table 1 and
Table 2.
Table 1: Scale up of Pravastatin Process
Amount of Material






MgSO4 * 7 H20 0.003 60
NH4NO3 0.002 40
Peptone 0.002 40
Corn extract 0.004 80
Yeast Extract 0.002 40
Intermediate 0.01 200
C2HF302 0.1218 2,431
Ethyl acetate 2.7 53,892
NaCI 0.1 1,996
Sodium bicarbonate 0.03 599
Sodium sulfate 3 59,880
Table 2: Scale up of Intermediate Process
Kg needed to make Kg needed to make
Compounds (kg)






Ethyl Acetate 450 7,031,250





Figure 4 and Table 3 show the amount of material needed to make pravastatin in
1983, one year after the original patent was filed. There was a substantial improvement
in the overall yield due mainly to optimal microbe selection. The microbe selected for
this patent had over a 10-fold increase in the amount of material obtained than the patent
in 1982. In the 1983 patent there were other processes mentioned to make statin drugs.
These methods were more energy and waste intensive and involve live animals such as
dogs, along with other processes that involved animal by-products such as homogenized
rabbit liver. The process flow sheet is given in Figure 4. The two tables show amount of
material needed for each process. These tables can be seen in Table 3 and Table 4.
rPravastatin 1983
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Figure 4: Pravastatin Process from Patent
Table 3: Scale up of Pravastatin Patent
Material (Kg) needed
Material (Kg) needed to







Corn Liquor 0.0061 10
Yeast Extract 0.0020 3
Intermediate 0.0010 17
Meat Extract 0.0020 3
C2HF302 0.009 15





Table 4: Scale up of Intermediate Process
In one year, the waste production decreased by over 92%. From the patents, the
main reason for the decrease was due to microbe substitution for this process. For this
example given in the patent, 35.3 drums which hold 55-gallons of waste are produced per
kilogram of drug. Also it should be noted that less intermediate was used so all of the
processing masses in the intermediate process can be decreased by over 91%. This is a
large decrease for a one-year period of time. There was still a net decrease in the amount
of benzene needed due to the amount of benzene used in the intermediate process.
In 1985, another patent was filed on the production of pravastatin. In this patent,
pravastatin was made in a similar way, but another microbe was chosen. With the
Material (Kg) needed to make Kg needed to make
Compounds






Ethyl Acetate 450 597,656





microbe nocardi autotropica subspecies amethystine FERM 6183 approximately 5 times
the amount of pravastatin was obtained compared to the patent in 1983 [68]. The table
for the materials used for this patent is given in Table 5 and Table 6. The decrease in the
amount of intermediate needed can also be seen in Table 5. Again there was another
decrease in the amount of materials needed to make pravastatin. The process flow sheet
did not change significantly and can be seen in Figure 5.
Table 5: Scale up of Pravastatin Patent
Material (Kg) needed to Material (Kg) needed to
Compounds




Yeast Extract 0.002 1
Intermediate 0.0008 5.5
Meat Extract 0.002 1
C2HF302 0.0902 31
Ethyl acetate 3.4 1172
NaCI 0.356 123
Sodium sulfate 2 690
Sodium bicarbonate 0.05 17
Benzene 0.7 241
Acetone 0.3 103
Table 6: Scale up of Intermediate Patent
Material (Kg) needed to Material (Kg) needed to
Compounds






Ethyl Acetate 450 193,359










Figure 5: Process Flow Sheet for the 1985 Pravastatin Patent
Another patent to make pravastatin was also filed in 2004. In this patent there
was another significant decrease in the amount of materials needed to produce
pravastatin. The decrease was attributed to process improvements. This can be seen in
Figure 6 and in Table 7. For this process, six 55 gallons drums of waste are produced per
kilogram pharmaceutical product. Again this is another improvement for the processes.
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Table 7: Scale up of 2004 Pravastatin Patent
Material (Kg) needed to Material (Kg) needed
Compounds








Table 8: Scale up of Intermediate Process
Material (Kg) needed to
Material (Kg) needed to
Compounds (kg) make
Make 12.8 g of intermediate






Ethyl Acetate 450 58,711






For all of these processes, the mixing operation and reverse osmosis system (used
to make the pharmaceutical grade water) contributed the most to the energy usage. With
respect to the pravastatin process in 2004, the energy required by the reverse osmosis
system accounted for 25 % or the total energy usage in the entire process. The liquid in
the other pumps is assumed to be at ambient pressure and temperature and only a
minimal pressure drop is required. The other large contributor to energy consumption is
the mixer/compressors used for agitation within the fermentation tank. This accounted
for 58.9% of the total energy usage. Table 9 shows the energy usage for the lab-scale
pravastatin process for 2004. A comparison of the energy required for the other
processes to make the intermediate and pravastatin is unnecessary since there is a direct
correlation between the volume of water needed and the energy consumption, mainly due
to reverse osmosis and mixing. A linear relationship can was developed for the energy
required for the other processes based on the water usage since there was not a large
difference in the processing equipment for all four patents.
Table 9: Energy Usage for the 2004 Lab-scale Fermentation for Pravastatin




















Cooling unit 1 21.5






For this process it was assumed that the fuel for the generation of electricity was
fuel oil number 2. Fuel oil number 2 is a typical fuel used in chemical plants for
electricity generation. The heat of combustion for fuel oil number 2 is 44812 KJ/Kg. It
was assumed that the efficiency between the generation of electricity and resistance is
50% due to frictional loses. For the pravastatin process there are a total of 991 MJ used.
Since the mass is known the amount of emissions released was determined by a mole
balance. From this calculation it was found that for this process 163 lbs of CO2, 0.1 lbs
of NOx and 0.22 lbs of S02 are released per kilogram of pravastatin.
There was another reason to ignore the negligible energy consumption. There is a
way to recover the energy of the retentate water, which is still at the feed pressure. The
pressurized water in most industries is used to spin a turbine. With respect to other
reverse osmosis systems approximately 30% of the energy used is recovered for a typical
desalination plant [69]. This can be extrapolated for this specific system. Approximately
6% of the energy can be recovered from this specific reverse osmosis system. This
amounted to 59.46 MJ, which is enough energy to power most of the other pieces of
equipment and would save 9.8 lbs of CO2, 0.006 lbs of NOx, and .014 lbs of S02 from
being released. Table 10 lists the emissions if the reverse osmosis and mixing are taken
into consideration for all these processes without including any other pieces of
equipment. The intermediate and pravastatin processes are included in each of the years
listed. Figure 7 also shows the decrease in energy related emissions. The decrease was
attributed to less energy that was needed to purify water and in mixing.
Table 10: Energy Related Emissions for the intermediate and Pravastatin Processes
Patent Year C02 (Ibs) NOX (ibs) SOX (Ibs)
1982 6,691,486 4,105 9,031
1983 567,244 348 766
1985 183,545 113 248
2004 55,834 34 75
The energy related emissions are shown in Figure 6. There is a significant
decrease from patent years 1982 to 2004 for CO2. The trend for NOx and SOx are the
same as CO2, but on a smaller scale since composition of fuel oil did not change. The
energy decrease is a function of the yield increase since a large amount of the energy is



















For the process metrics there were a few factors that were considered. These
factors include water intensity, solvent intensity arid mass intensity. The intermediate
process was not included in the water, solvent, or mass intensity, but as another criteria
called intermediate intensity since the intermediate process would dwarf the pravastatin
process in some areas. Waste intensity was not included in the analysis since the analysis
was based on patents, which are lab scale processes. Recycling and reuse is not typically
conducted at the laboratory scale. If this study was conducted at larger scales, the results
would vary significantly, but there are some trends shown in these studies at the
laboratory scale in making the process greener.
There was a decrease in the mass intensity from the original 1982 patent. The
primary reason is better microbe selection. In 1982, the typical microbial yield was on
the order of 50 milligrams [66]. In year 3, 1985, the amount of pravastatin obtained from
the process was over 2000 milligrams (2 grams) for the same batch size. In 2004 there
was a slight improvement in which the total batch yield was 16.5 grams for a batch,
which had a volume of 10 L [54]. Back calculation for comparison yielded 3,300
milligrams for a 2 L batch size. This is an improvement, but not as large an improvement
as the first few years. The second reason for the trend would be a better understanding of
the process and better separation techniques that were used. There were changes over
the time period that made aided in obtaining more API from the process. This can be
seen in Figure 8. In 1982, the chemicals were environmentally benign compared to the
other years, but a large amount of chemicals were used. Approximately half of the
decrease from the original patent was attributed to the yield increase. The second
decrease in mass usage was attributed to solvent substitution and other improvements. In
the 1983 data, the water decreased by a factor of three, the glucose decreased by a factor
of two, decreased the ethyl acetate used by a factor of two, and the research team
removed sodium sulfate. All of this was done while the yield increased by a factor of
twelve. In 1985, the water increased by 1.75 times the 1983 value, the amount of
intermediate decreased by 1/5 and the ethyl acetate and sodium chloride increased by a
factor of three. When the increased yield was taken into consideration, the water
decreased by a 2.63 times, and the ethyl acetate and sodium chloride decreased by a
factor of 1.33 times the 1983 value. These chemicals included mostly organic solvents,
which were soluble in water. In 2004 ethyl acetate was removed along with sodium
sulfate and sodium bicarbonate. This was because a liquid-liquid extraction was removed
from the process. Also in 2004 benzene was removed and replaced with acetone. These

















Figure 8: Mass Intensity for the Pravastatin Patents
Water intensity followed a similar pattern to that of the mass intensity. This is
because most of the mass that was used was water. The decrease in water intensity can
be attributed to a larger concentration of drug out of the process. Fermentation based
products use a large amount of water so any increase in yield would result in a














Figure 9: Water Intensity for Pravastatin Patents
In terms of the water, there was a finite limit for the process, which is 1,000-kg/
kg of drug. For many microbial processes, there is a certain concentration of water that
is needed so that the microbes will grow. The yield attributed to 25% of the decrease in
the water usage for 1983 and 1985, and 80% in 2004. The other decrease in water usage
in 1983 was attributed to the removal of the lactonization step. Another reason for this
decrease was because microbe selection. A significant amount of water was used in the
fermentation broth and for the 1983 data; a lower amount of water was used. In 1985, the
processing was similar to the 1983 data and the same reasoning applied for the decrease
in water usage. In 2004, the yield only accounted for an 80% decrease in the water
intensity. The other decreases were attributed to the use of resin absorption in place of
liquid-liquid extraction and the removal of water from the wash steps.
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There was a large decrease in the solvent intensity, which can be seen in Figure
10. There was a point at which the decrease in solvent usage tapered off. This is mainly
attribute to the physical limitations of the chemistry involved and chemical separation
techniques used. The 1983 data decreased slightly more then the yield increase. The
reason for the decrease was the removal of a lactonization step in the process. The 1985
data point does follow the trend with respect to yield increase. The 2004 data point was
less then what was expected from the yield increase. The main reason for the large



















Figure 10: Solvent Intensity of the Pravastatin Patents
Figure 11 shows the decrease in the amount of intermediate needed for each
process. Only one patent was analyzed for the manufacture of the intermediate. A
decrease in the amount of intermediate needed directly corresponded to a decrease in the
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life cycle materials, the total amount of materials needed to make pravastatin starting at
the most rudimentary chemicals, used to make pravastatin. Other processes to
manufacture intermediate were beyond the scope of this study. The main decrease in
intermediate usage was attributed to a yield increase. The yield increase was mainly
because of better microbe selection, but in the 2004 data, it was because of the recovery
techniques employed. In the 2004 data, resin absorption was used in place of liquid-













Figure 11: Amount of Intermediate Needed to Make Pravastatin
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The percentage decrease in the various parameters over the period of time was
also analyzed. This is shown in Figure 12. The largest increase occurred in the year
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There are several environmental factors that were considered during the analysis.
These factors included inhalation, ingestion and aquatic toxicity, global warming
potential, smog formation, carcinogenicity and acidification. These factors aided in
determining which process was the most sustainable. The various toxicity factors along
with carcinogenicity illustrated the various degrees of exposure of a substance along with
the environmental harm caused by the substance. Global warming potential, smog
formation and acidification are gauges of global and regional environmental impacts
from the chemicals in the process. Eutrophication was not included in this analysis since
very little phosphates were used or produced.
For the inhalation toxicity category, the threshold limit values for the chemicals
were used. This was used to determine the potential environmental impact of each
process if there was a leak and the chemicals would be released into the air. Figure 13
shows the weighted inhalation toxicity for each process lab-scale manufacturing process
for pravastatin. The intermediate process was included since this would drastically
decrease with respect to the various processes and there were hazardous chemicals
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Figure 13: Weighted Environmental Index Including the Intermediate Process
The vast majority of the environmental index was attributed to the use of the
intermediate. Removal of the intermediate process shows the "green progress" of the
pravastatin processes over time. This is shown in Figure 14. There was no correlation
between the environmental index and the year of the patent. This was because the
compounds in 1982 were relatively benign. The most toxic chemicals for inhalation in
1982 were ammonium nitrate that is not an extremely toxic chemical. In 1983, benzene
and ether were used in place of ethyl acetate. From 1983 to 1985, there was a large
decrease in the inhalation toxicity. 25% of the decrease from 1983 to 1985 was attributed
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Figure 14: Weighted Environmental Index of the Pravastatin Patents Only
Figure 15 shows the weighted ingestion toxicity for only pravastatin process
patents. The end product is going to be ingested by people and there may be trace
amounts of the various processing chemicals trapped within the crystal structure and in
the final tabulated formulation. Again in 1982 the chemicals were relatively benign, but
there were a lot of chemicals used. In 1983, benzene and ether were used which are
extremely toxic. From 1983 to 1985 the use of benzene decreased by 85% and no ether
was used in the 1985 data. In 2004, no benzene or ether were used, but the value for the
ingestion toxicity is slightly higher when the increased yield was taken into
consideration. There are a few reasons fro the increased aquatic toxicity for 2004. The
first reason is because of the increased usage of methanol. Methanol is more toxic to
marine life then the compounds used in 1982. Another reason is the use of acids and
bases. In 1982, the acids and bases used were weak, such as sodium sulfate and sodium
·rrnAn
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bicarbonate. In 2004 sodium hydroxide and hydrochloric acid were used in place of the
weak acids and bases. There was a trend in the weighted ingestion toxicity, which is
mainly due to the process becoming more efficient. There is also another reason why the
weighted ingestion toxicity decreased. Most of the chemicals involved, mainly benzene,
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Figure 15: Weighted Ingestion Toxicity of the Pravastatin Patents Only
Figure 16 shows the weighted ingestion toxicity with the intermediate process
included. The trend for weighted ingestion toxicity is directly related to the increase in
yield for the pravastatin process. The ingestion toxicity can be found on MSDS sheets
from chemical suppliers like J.T. Baker or other references [62], [63]. Figure 16


















Figure 16: Weighted Ingestion Toxicity including the Process to Make the Intermediate
The first comparison for the weighted aquatic toxicity was made without the
intermediate process. This showed the decrease in aquatic toxicity over time with respect
to pravastatin. This can be seen in Figure 17. The decrease did not follow the same
pattern as the other environmental parameters. This was attributed to process
improvements, which directly impacted the yield. This is evident from drug discovery to
the first few years. The researchers increased the yield, but by using chemicals such as
benzene. Even though the use of extremely toxic chemicals increased, the aquatic
toxicity decreased because of the substantial increase in yield. Theoretically, the aquatic
toxicity should have dropped to 8% of the drug discovery value, but this was not the case
due to the use of more toxic chemicals. There was a trade off between yield and aquatic
toxicity. In 1983, the aquatic toxicity should be 4.39, but was 18.9. The increase in
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aquatic toxicity was attributed to the usage of benzene and ether in the 1983 data. In
1985, there was an increase in the yield, but also there was less benzene used and no
ether used. In the 2004 data, 25% of the decrease was attributed to the yield increase.
The other 75% of the decrease was attributed to because of two reasons. The first reason
was the removal of a liquid-liquid extraction step, which contributed significantly to the
aquatic toxicity. The second reason was the use of ethyl acetate as a replacement















Figure 17: Aquatic Toxicity for the Pravastatin Patents
The analysis for aquatic toxicity was conducted with the intermediate processes
included. There was a large increase in the aquatic toxicity mainly attributed to hexane
and benzene. A significant amount of benzene and hexane were used to make




follows the same trend as Figure 11. This can be seen in the Figure 18. A major issue
















Figure 18: Aquatic Toxicity with the Intermediate Process Included
The organic solvents used in the processing contributed the most to the global
warming potential [58]. The vast majority of the global warming potential can be
attributed to the process to make intermediate. The global warming potential for both
processes is shown in Figure 19. The weighted global warming potential follows the



















Figure 19: Weighted GWP for the Pravastatin with the Intermediate Included
The weighted global warming for the four-pravastatin patents was also compared
excluding the intermediate patent. This can be seen in Figure 20. The main reason for the
decrease is due to the increased conversion and yield. The second reason is due to
decreased solvent usage. The vast majority of the global warming potential was caused
by organic solvents used in the process. The energy related global warming potential
accounted for 4% of the total global warming potential in 1982 and 2004, and accounted
for approximately 1% in 1983 and 1985. In 1983, the yield improvement contributed to
88% of the decrease in global warming. There were other improvements in which the
solvent usage was decreased by 10%, which accounts for the other improvement in global
warming potential. In 1985 the improvement in the global warming potential was





was attributed to by the yield increase. There was also a 24% decrease in solvent usage













Figure 20: Weighted GWP for the manufacture of Pravastatin
For this process, no ozone depleting substances were used in the processing of
pravastatin directly. All of the compounds listed as ozone depleting chemicals are
chlorinated and brominated hydrocarbons. All of the patented processes do not contain
any halogenated hydrocarbons.
Figure 21 shows the weighted smog for both the intermediate and pravastatin
processes. There was a significant decrease in the photochemical smog formation after
drug discovery. In Figure 21, most of the smog can be attributed to the production of the
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intermediate. In the intermediate process, 98% of the photochemical smog formation was
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Figure 21: Weighted Photochemical Smog Formation for Pravastatin and Intermediate
Figure 22 shows the decrease in photochemical smog formation from the
pravastatin patents. This portion of the analysis was needed to determine if the decrease
in photochemical smog formation was attributed to the efficiency or an actual "green"
improvement. The weighted smog formation is shown in Figure 22. In 1983, 88% of
the improvement in photochemical smog formation can be attributed to by a yield
increase. The other 11.2% was attributed to the decrease usage of solvents and the usage
of ether in place of ethyl acetate. In 1985, the yield contributed to all of the decrease in
smog formation. In 2004, the yield increase attributed 46% to the decrease in
photochemical smog formation. Approximately 50% of the decrease in 2004 was
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Figure 22: Weighted Smog Formation for the Manufacture of Pravastatin Only
Carcinogenicity was also considered as a criterion. For this criterion, the
carcinogenicity was scaled on a factor of 0-5; 0 was non-carcinogenic and 5 was a known
carcinogen. An example would be 1000 kg of water, which is non-carcinogenic. Water
would have a scaled factor of 0. The mass was multiplied by (100-1) to give a scaled
carcinogenic score of 0. There was an exception, which was for the intermediate. For
this compound the carcinogenic score was calculated in a similar fashion. When the
intermediate was included in the pravastatin process, the sum of the carcinogenic score of
the intermediate process was used and multiplied by the mass of intermediate used in the
J
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process. Figure 23 shows the weighted carcinogenicity for the intermediate and
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Figure 23: Weighted Carcinogenicity for the Intermediate and Pravastatin Combined Processes
Since there was a trend that seemed to follow the decrease in intermediate usage,
the carcinogenicity of only the pravastatin processes was investigated. Figure 24 shows
the carcinogenicity of the pravastatin process. This graph was prepared on a logarithmic
scale since there is a huge variation between the carcinogenicity for each year. The
weighted carcinogenicity actually increased for years 1 and 3 after drug discovery by a
factor of 7,500 for year 1, which corresponds to 1983 due to the use of benzene in the
process, but the weighted carcinogenicity decreased significantly in year 22, which

















Figure 24: Weighted Carcinogenicity of the Pravastatin Patents Only
The potential for acidification in the processes, was another metric that was used
for an environmental comparison. This analysis only included acids used or produced in
the direct processing of pravastatin and not the acidification due to the emissions related
to energy. The analysis of both the intermediate and pravastatin patents can be seen in
















Figure 25: Weighted ARP for the Intermediate and Pravastatin Processes
The acid rain potential (ARP) of the different lab-scale processes to make
pravastatin were compared. This was used to determine if there was a significant
decrease in the acid rain potential of the manufacture of the drugs. This can be seen in
Figure 26. The Between 1983 and 1985, the weighted acidification increased
significantly. The reason for the increase was due to the use of sodium hydrogen
carbonate. In 1983, year 1, no materials were used in the pravastatin patent that could
contribute to the acid rain potential. In 2004, a negligible amount of acids were used.
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Figure 26: Weighted ARP of the Pravastatin Patents Only
Chemical Tree Development
Resource depletion was another key issue that was considered with sustainable
drug development. This analysis portion was used to determine the resources used to
make the various compounds used during drug manufacture. This analysis was a further
aid in determining sustainable technologies and shows the broader impact on the
environment of green engineering improvements to the drug manufacturing process. The
diagrams on the next few pages show the chemical trees for each patent. The data
1
obtained from these chemical trees can then be input into LCA software such as
SIMAPROO so that a cradle to gate life cycle analysis can be obtained and coupled with
the gate to gate analysis which was conducted earlier. The chemical tree for the process
to make intermediate is given in Figure 27. [52],[65].
During construction of the chemical tree, there was a choice between renewable
and non-renewable processes. The renewable pathway was used if over 50% of the
chemical was produced by a renewable route. A renewable route is defined as any
pathway in which the starting material is made by plants or animals in the eco-system.
An example of a renewable and non-renewable pathway is the manufacture of ethyl
acetate. Ethyl acetate is made by reacting ethanol with acetic acid with sulfuric acid as a
catalyst [71]. The sulfuric acid is recycled in this process. Ethanol and acetic acid can be
made in a variety of ways. Ethanol made via a fermentation route is fairly common while
acetic acid is not traditionally made via fermentation [71]. For this process, the

















From these chemical tree diagrams, a table was developed to determine the
resource depletion of each patent. Resource depletion for this analysis considers energy,
natural gas, and crude oil. Biomass, water, and naturally occurring minerals were not
considered since these resources will not run out in the foreseeable future. Energy was
found via the EIOLCA software for the processes [13]. Since the data was given in terms
of 1992 dollars, the inflation rate was adjusted to 2004 dollars for calculation of the
amount of fuel needed per million dollars. Petroleum refining and nitrogen and
phosphorous containing compounds were the most significant compared to the other
materials in terms of energy consumption. The other factors in terms of energy
consumption were insignificant compared to these larger energy usages. The
manufacture of lime for use as calcium carbonate used only 2.5% of the energy used in
the manufacture of the previous mentioned compounds. Only materials based on
petroleum, natural gas and nitrogen containing compounds were included in the energy
analysis. The masses of the materials from each patent were applied to this data. The
life cycle energy requirements are given in Table 11.
Table 11: Energy Resource Depletion
Patent KJ/kg Kg of fuel oil #2 depleted/kg API
Intermediate (1976) 18793638.6 438.9
Pravastatin (1982) 16985058.3 396.7
Pravastatin (1983) 1302044.64 30.4
Pravastatin (1985) 477479.36 11.1
Pravastatin (2004) 114300.418 2.7
The resource depletion due to energy was insignificant as compared to the mass
of materials used. The total resource depletion can be seen in Table 12. Most of the
resource depletion was attributed to the solvents, which were used in the process. There
are other issues involved with the solvents, which cannot be answered at this time. These
issues include the final disposal of the solvents.
The pharmaceutical industry has a limited range of disposal options for spent
solvents. This analysis assumed that the waste generated was incinerated and no work
was obtained from these solvents and other materials. In many cases, this may not be the
case and the solvents may serve another purpose. Possible alternative solvent disposal
routes include; use as fuel, in-process recycling, off-site recovery, spent solvents sold to
another company, or possibly used as a generic solvent in paint. If any of these situations
are the case, the resource depletion due to these processes will decrease since the solvents
would be directly substituted for "new" solvents in alternative disposal routes
Table 12: Total Resource Depletion






Chapter 4: Scale up of a active pharmaceutical ingredient
Batch comparison
A secondary analysis was conducted on the scale up of a product that was
produced through organic synthesis. A comparison of the lab scale, glass and pilot plant
batches was conducted. The glass plant is slightly smaller than the pilot plant and is used
for an intermediate amount of material. For example, a pilot run may produce 100-300
kg of API product and the glass plant batch may be 10% of this value. This comparison
used mass and energy balance factors, fugitive emissions, the chemistry of the reaction(s)
and environmental criteria as metrics. These critical factors were used to determine the
process greenness of a pharmaceutical product. The flow sheets were found from patent
literature at the lab scale and detailed process flow sheets provided by Bristol-Myers
Squibb of the batch manufacturing for the glass and pilot scales [71]. During the
production in the pilot plant batch, side-product was formed instead of an intermediate.
This accounted for approximately 9% of lost yield. Instead of a large increase due to the
formation of a by-product, most of the metrics still decreased.
For all of the process metrics there was a large decrease from the lab-scale to
glass scale production and a slight decrease from the glass to pilot scale. This decrease
from the lab to glass scale was attributed to equipment substitution. The improvements
from the glass plant to pilot plant were attributed to an increase in the yield, a decrease in
solvent and water usage, and solvent substitution.
Figure 32 shows the material (mass) intensity criteria for three different
production scales. The total mass intensity decreased as the batch size increased in the
overall batch processing. Table 13 shows the percentage of the three scales. There was a
29% relative yield increase from the glass to pilot plant batches. This accounted for most
of the decrease in the criterion from the glass to pilot plant batches. Theoretically, the
mass intensity should have decreased by 29% from the glass to pilot plant because of the
29% relative yield increase. The total decrease in mass intensity was 30.4%. The other
1.4% relative decrease was attributed to less solvent and water usage along with a
decreased amount of processing steps. A major reason for the high mass intensity for the
laboratory scale was the use of HPLC as a separation method and the use of ethyl acetate
as another separation method. This method was substituted for liquid-liquid extraction
and crystallization. The decrease in the mass intensity form the glass plant to the pilot
plant was attributed to an increased yield in the pilot plant. There was a small slight
decrease in the mass intensity not attributed to the increased yield, but attributed to the
substitution of solvents along with a slight decrease in water usage.

















Figure 32: Relative Mass Intensity of Three Scales
Figure 33 shows the water intensity criteria for three batch sizes. Table 14 shows
the relative percentage for the water intensity of the three batch scales. The large
amount of water in the lab scale was attributed to the use of HPLC. This contributed
significantly to the mass intensity for the lab scale. There was a decrease from the glass
scale to the pilot scale not attributed to by the yield increase from the glass to pilot scale.
Theoretically, the water should have decreased by 29% from the glass to pilot plant



























Figure 33: Relative Percentage of Water Intensity in the Lab, Glass and Pilot Batches
Figure 34 shows the waste intensity criteria for the different batch sizes. Table
15 shows the relative percentage of the three scales. There was a large difference in the
equipment used at the laboratory scale than the other two scales. The lab scale equipment
focused on obtaining a "high purity" product for initial tests at a large cost for solvents
and water. Theoretically, the waste should have decreased by 29% from the glass to pilot
plant, but decreased by 30.46%. This is the same as the mass intensity since no solvents
or water are recycled or recovered from these scales.
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Figure 34: Relative Percentage of Waste Intensity in the Lab, Glass and Pilot Batches
Figure 35 shows the solvent intensity percentage for the three batch sizes. Table
16 shows the relative percentage of the solvent intensity for the three scales. The lab
scale equipment focused on obtaining a "high purity" product for initial tests at a large
cost for solvents and water. In the lab scale the solvent intensity was extremely high
because of the excessive use of HPLC for purification purposes. In another step, in a
purification process, excessive amounts of ethyl acetate were used to purify the product.
This method was not used in either the glass or pilot plants. With the solvent intensity,
from the glass to pilot plant, there was a 45.7% decrease in solvent usage. There are two
factors that contributed to the decreased usage of solvents. The first is the increased yield
- - --
that resulted in the pilot plant. There was a 16.8%, which was not accounted for because
of the yield. This was attributed to a few causes. The first cause for the large decrease
was the because of two steps in the processing. In one step, a reaction was removed from
the process. In another step, the amount of acetonitrile used was decreased by a factor of
2.25. The toluene was substituted for half the amount of ethyl acetate. A small
percentage of acetone was also used.


















Figure 35: Relative Percentage of Solvent Intensity in the Lab, Glass and Pilot Batches
The energy required for the three batches was also compared. These factors were
estimated using engineering heuristics and the flow sheets obtained from each batch.
For these estimates, no heat lose was assumed for the heating or cooling in all the
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processes. The use of the heuristics and any assumptions concerning heat loss would
decrease as the scale increase since heat loss is a function of surface area.
The processing conditions for this pharmaceutical product are those typically
found in other pharmaceutical products. The comparison of the energy can be seen in
Figure 36 and in Table 17. The pumping energy was found to be negligible for this
process while the heating and cooling were the most significant energy consumers in the
processes. Table 17 and Figure 36 are given for energy related emissions, but could also
be used for the energy used in the various process stages. All three of these processes did
not have a lot of energy associated with them. In the lab scale there was a lot of heating
and not much cooling. It was not uncommon to find temperature raise by 50 degrees in
many of the steps at the laboratory scale. In the glass and pilot scales the temperatures
were kept close to ambient temperature in pressure with temperature differences of 20
degrees, but in both the glass and pilot plants there was heating and cooling occurring,
many times in the same vessel. Some of this heating and cooling involved heating and
cooling vessels, which contained salt solutions that did not occur at the lab scale. When
the increased yield was taken into consideration, the energy usage increased slightly. The
increased energy usage was attributed to the substitution of water in place of solvents and
also the heating and cooling of salt solutions.














Figure 36: Relative Percentage of Lab-Scale Energy Related Emissions
A comparison of the fugitive emission was also made. These emissions are
negligible compared to the waste intensity in the material intensities graph. The fugitive
emissions tended to follow the mass intensity. This can be seen in Table 18 and Figure
37.



















Figure 37: Relative Percentage of Fugitive Related Emissions for 3 Different Batch Sizes
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The environmental factors were also considered. For these environmental criteria,
all of the information was given in the pilot scale and the glass scale, but not for the lab-
scale batch, which was obtained from a patent [71]. To make a valid comparison, the
side reactions were not included for this analysis since the side reactions for the patent
were not known.
Most of the factors decreased in their environmental impact category except the
aquatic toxicity. The increase in aquatic toxicity was caused by the use of solvents that
were more toxic to aquatic species. From the glass plant to pilot plant batch, there was a
solvent replacement in which double the amount of heptane was used as a replacement
for an butyl acetate. Heptane is many times more toxic to fish, but the ingestion toxicity
was two times less toxic than the butyl acetate.
Figure 38 shows the weighted inhalation toxicity graph. For the weighted'
inhalation toxicity, despite having certain process controls in place such as scrubbers, the
relative percentage still decreased from the lab scale. The percentage decrease from the
lab-scale to the glass scale was 70%. The percentage decreased from the lab-scale to the
pilot scale was 32%. There were two reasons for the increase from the glass plant to the
pilot plant. The increase from the glass plant to the pilot plant was attributed to the
increase usage of a reactant in the first step of the process. The second reason for the
increase from the glass to pilot plant batches was attributed to an increased usage of a
reagent in the process. The reagent in question has a very low TLV and 3 times more of
the specific chemical was used in the pilot scale batch. If the side reactions are included
in this process, the glass plant had a substantially higher percentage than both the lab
















Figure 38: Relative Inhalation Toxicity for the Lab, Glass and Pilot batches
The weighted ingestion toxicity was calculated by converting LD5o to a unitless
kg/kg value. Figure 39 shows the weighted ingestion toxicity graph. The ingestion
toxicity decreased as the scale increased. The reason why the lab scale was extremely
high was because of two reasons. The first reason was because of excessive chemical
usage. The second reason for the large number for the ingestion toxicity was the use of
acetonitrile. Acetonitrile is a compound that can cause cyanide poisoning and was used
in excessive amounts for purification techniques in the lab scale. The excessive use of
this chemical was changed in the glass and pilot plants. Instead of using HPLC which
used the acetonitrile, liquid-liquid extraction was used more often which are considered
"food grade". These chemicals included heptane, ethyl acetate, and butyl acetate. The
decrease for the pilot plant was 39.04% while the yield increase was 29% from the glass
I^ ^
plant value. There were two factors that increased this effect; the first was a usage of
more environmentally benign solvents, such as acetone and various acetates, but was
countered with the increased usage of the toxic reagent, which is a proprietary compound.
The second portion was the decreased use of butyl acetate in the last step of the process.
Some butyl acetate was replaced with heptane in the process. Butyl acetate is not a


















Figure 39: Relative Ingestion Toxicity for the Lab, Glass Plant and Pilot Plant scales
Figure 40 shows the weighted aquatic toxicity graph. The aquatic toxicity
increased caused by a change in solvents. In the lab scale, a lot of substances were used,
but these chemicals were relatively non-toxic to aquatic life. These chemicals include
water, acetonitrile, and salts. There are mixed results for the glass and pilot scales. In the
first step for the glass plant, toluene was used which is more toxic then the other
compounds. The other steps for the pilot plant had more substances that were toxic to
aquatic species. These substances included the use of acetonitrile in place of methanol
and acetone and the replacement of butyl acetate with heptane. The increased usage of
heptane and the decreased usage of butyl acetate caused the increase in aquatic toxicity.
There was a trade off between the environmental criteria and the mass criteria. This is
because of the properties of the drug itself, most organic drugs are more soluble in
organic phases and this drug is not an exception. To lower the mass intensity and volume











Figure 40: Relative Aquatic Toxicity as a Percentage of the Lab-Scale Value
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The global warming potential was also analyzed. This can be seen in Figure 41.
This effect was a combination of the volatile organic compounds and various other
compounds that contributed to global warming. There was a reduction from the lab-scale
to the glass scale batch. The value for the global warming potential stayed approximately
the same for the glass and batch scale batches. The global warming potential should have
decreased because of the increased yield, but this was not the case. The reason for the
increase was that every solvent was given the same global warming potential, so any




















Figure 41: Relative Global Warming Potential as a Percentage of the Lab Scale Value
The weighted photochemical smog formation was also analyzed for these three
batches. There was a large decrease from the lab to the glass scale, which was due to the
substitution of water in place of solvents along with decreased solvent usage. In the lab
scale, a significant portion of the photochemical smog formation was attributed to the
ethyl acetate used in one of the steps for purification in the process and also to
acetonitrile that was used in the HPLC for purification. There was a slight increase in the
photochemical smog formation from the glass to pilot plant scale despite decreased
solvent usage. This occurred for the same reason as the aquatic toxicity. The only reason
why there was an increase from the glass plant to pilot plant scale was because of the use
of heptane in the last step in the process. Heptane is a relatively persistent chemical and
contributes significantly to smog formation. The value for heptane is 0.77 while the
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Figure 42: Relative Photochemical Smog Formation as a Percentage of the Lab Scale Value
An analysis for carcinogenicity was also prepared. This was conducted on a scale
of 0-5 with the number 5 denoting a proven carcinogen to humans. The scale of 0 would
denote that the substance was proven to be non-carcinogenic to humans. Some
substances in the 0 category include water and ethanol. A category 2 would be a possible
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human carcinogen, a substance in category 3 would be potentially carcinogenic based on
animal tests, and a substance in the fourth category would be potentially a carcinogenic
based on limited human data. The equation used for carcinogenicity can be seen in
Equation 1.
Equation 1
Carcinogericity = Mass * (10 classi ca ion number -1)
This was a simple method to estimate the carcinogenicity of all the compounds
without making extreme assumptions. An example of the logic of this method was with
benzene and toluene, which are 5 and 3 respectively. Using this method, benzene was
100 times more carcinogenic than toluene. Figure 43 shows the carcinogenicity for the
three batch scales.
In the laboratory scale, there was low yield and some substances were used which
had high potentials to cause cancer. These substances include dichloromethane, toluene,
formaldehyde, and DMF. All of these substances were removed for the glass plant.
There was an improvement from the glass plant to the pilot plant that was not based on














Figure 43: Relative Carcinogenicity as a Percentage of the Lab Scale Value
A graph for the weighted acidification was also prepared. This was the amount of
acid producing compounds that are released such as sulfuric acid, carbonic acid, and
hydrochloric acid. In general, there was a decrease in the acid rain potential for the
processes from the input materials. There was not as large of a drop between the lab-
scale and the glass-batch scale mainly due to the pieces of processing equipment that
were added for safety reasons. In the laboratory scale, hydrochloric acid was used in
one of the steps. In both the glass plant and pilot plant very little hydrochloric acid was
used. In both the glass and pilot scales phosphoric and sulfuric acids were used. The
sulfuric acid was not present in the laboratory scale because this chemical was part of a
process control within a step in the process. There was a slight difference in the






















Figure 44: ARP as a Percentage of the Lab Scale Value
Chapter 5: Solvent Selection Guide
There was a need for a quick method to determine the various environmental
factors that'are related to solvent selection. Previous methods to determine the most
efficient solvent for a specific process took into consideration various factors. These
considerations included basic engineering, economics, chemistry principles, and safety
concerns, which are typically the primary concerns for solvent selection. This table
provides guidance for selected solvents from an environmental perspective. The
environmental categories are typically secondary consideration for solvent usage in.the
pharmaceutical industry. There are a large number of databases and information
available for the various environmental criteria, but most of this information is not readily
available for comparison. The user has to search for the data and re-enter the data into a
spreadsheet if a comparison of two solvents is desired. This data is available from
MSDS sheets, the EPISUITE software package, SOLV-DB and the metrics developed by
IChemE [58] [72], [73], [74].
A simple excel spreadsheet was developed which includes inhalation toxicity,
ingestion toxicity, aquatic toxicity; ozone depletion, smog formation, global warming
potential, carcinogenicity and acidification for 39 typical solvents. The environmental
metrics used for this solvent selection guide .take into account safety and liability.
This solvent selection guide is differeit from previous solvent selection guide
because it takes into account parameters, which were not previously considered in other
solvents selection 'ables. This table also provides the user with raw data, so a direct
comparison can be made very quickly to determine if any process improvements were
made in the environmental categories.
Another advantage to this solvents selection guide is that the data can be
expanded to include solvents,, which are proprietary or have been newly developed. For
this data, a person using a proprietary solvent only has to enter the data into the
spreadsheet for the compound. This allows the user to compare the solvent to the other
solvents in the spreadsheet. The data for their proprietary solvent can be found on the
material safety data sheets for the solvent. :The other environmental parameters can be
found by estimation using similar compounds as reference sources.
There has been previous efforts in the development of solvent selection tables i.
Most of these guides were in the form of logic-tree programs that determined the best
solvents from a set list of parameters.' Most of these methods take into account
processing, solubility, regulatory, and health parameters, but were not easy to use in
terms of user interfaces and learning curves and were used primarily for initial process
development.
A program developed by the EPA called the Green Chemistry Expert System.
and contains 649 chemicals and.has many of the physical properties listed, but does not
list any toxicological information [75]. Also a direct comparison is not available.
Therefore, a pen and paper method is still needed if a comparison is desired.
The EPA also released the Solvents Alternatives Guide (SAGE), which is used for
cleaning processes for equipment [76]. This method works well for its intended purpose,
but does not translate well to solvent selection for pharmaceutical processes.
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There is also another solvent selection guide by Curzons et al., which accounts for
a few environmental factors [77]. This guide takes into account various environmental
parameters such as bioconcentration, inhalation toxicity, aquatic toxicity, and water
solubility. This guide lacks a feature to account for the mass of the solvent used.
Gani et al. proposed another method for solvent selection [78]. This method
proposed a series of rules for solvent selection and used a point system to "score"
different solvent alternatives. This used various physical parameters and lumped all the
environmental parameters into one category. This approach is methodical, but is time
consuming.
There are life cycle assessment packages that take various solvents into
consideration, but these take a relatively long time to set up for a simple comparison. A
second disadvantage to life cycle assessment packages is that most of the solvents are not
listed. This severely limits the effectiveness of the life cycle software for solvent
selection. If an analyst desires a more accurate comparison of the solvents using a life
cycle assessment software package, the analyst must define the specific solvent in the
program. This is a time consuming and research intensive.
All of these programs have a specified list of solvents that cannot be changed.
The only method that takes into account mass is the life cycle assessment packages,
which are inconvenient to use and require the user to learn a new software program or a
new type of interface. The other programs cannot be changed, and in some cases, are not
available to the average user.
Metrics Used
Inhalation toxicity was chosen to represent the airborne health hazards associated
with each chemical. This metric is considered in hazard and operability studies, HAZOP,
and is considered a local to regional issue depending on the hazard and amount released.
The values used for this analysis are the permissible exposure limit or the threshold limit
value of the chemical. This criterion is often considered for worker safety, but can also
affect most terrestrial species outside of the plant boundaries if there is an accidental
release. There are other factors that were not considered with the inhalation toxicity
which include, dispersion models and the atmospheric half-life of each chemical.
Dispersion models were not included since every manufacturing plant will have a unique
geographical position and the atmospheric half-life was unavailable for a few of the
chemical species.
Carcinogenicity was another category, which was considered as a metric. This
metric is typically considered along with inhalation toxicity for worker safety in a
HAZOP report. Carcinogenicity is typically considered to be a local environmental
metric, but can be considered regional depending on the size, extent of a spill and
exposure method. The carcinogenic value can be found on any MSDS sheet and is given
for all chemicals. There are other sources, which only have a small number of chemicals
listed. These sources were not used since there was missing data. The carcinogenicity
was scaled on a factor of 0-5. A chemical with a value of 0 was denoted as non-
carcinogenic and a chemical with a value of 5 was denoted as a known carcinogen. This
can be seen in Equation 2.
Equation 2
Carcinogencity = Mass * (1 0 caled value1)
An example would be 1000 kg of water, which is non-carcinogenic. Water has a
scaled factor of 0. The mass was multiplied by (100-1) to give a scaled carcinogenic
score of 0. Carcinogenicity is used as supplemental information for inhalation, ingestion
and aquatic toxicity.
Ingestion toxicity was chosen to represent the impact that the chemical can have
on species that ingests the solvent. This also represents the potential impact on terrestrial
life if there is a liquid spill or if the vapor precipitates out of the atmosphere. This metric
is considered a local to regional issue dependent on the hazard and amount released. The
LD50 , the lethal dose to kill 50% of a given population, was chosen for rats to represent
typical ingestion toxicity for the solvent for mammalian species. Rats were used to
represent mammalian ingestion toxicity because toxicological studies are typically
conducted on rats or mice. There are some concerns with this data specifically with the
alkane groups. Rats can drink 1.2% of their weight in hexane, 2.5% of their weight in
heptane, and there is no limit to octane and higher alkanes, without surpassing the LCso
for this species. Care should be taken when comparing the alkane groups to other groups
because of the resistance of rats to the alkanes.
Aquatic toxicity was used to determine the impact of the solvent associated with
environmental impact to marine life. This metric is considered a local to regional issue
dependent on the hazard, amount released, previous concentration in the water, the size of
the water source, and the amount of other water sources affected. The LC5o for freshwater
fish over 14 days was used for the comparative measurement. This is a typical metric
used to represent aquatic toxicity. Aquatic toxicity accounted for any accidental
discharges into lakes or streams and the resulting ecological impact.
Acid rain potential was another metric that typically has a regional impact. This
is the potential for a compound to lower the pH of rain. Typically solvents do not
contribute to the acid rain potential unless the solvents are oxidized to carbon dioxide via
a non-biological route. It was assumed for this analysis that the solvents would be
recycled, biologically treated or used for another purpose instead of being incinerated,
which is typically the case. If the user chose to account for the combustion of the
solvent, the ARP can be modified by finding the amount of SO 2 , CO2, NO and NO2
released by the combustion of the solvent.
There was a metric for used to gauge photochemical smog formation. Typically
organic solvents tend to react and form smog in the lower atmosphere, which can cause
harm to terrestrial species. Smog formation can either be a local or regional issue
dependent on the amount of chemicals released.
Ozone depletion and global warming potential are factors that have global
environmental impacts. Ozone depletion is a measure of how the solvent will react and
destroy ozone in the upper atmosphere. Most of the solvents do not contribute to ozone
depletion, except compounds that contain halogenated groups. The other metric is global
warming potential. This metric was the same for all the solvents since a generic value is
given for volatile organic compounds and all of the solvents besides water are organic
compounds. The global warming potential is a direct function of the mass of solvent
used. These two metrics can be used to compare the global environmental impact of
different solvents. The list of the various solvents available for comparison are shown in
Table 19.
Table 19: Solvents in Spreadsheet
Acetic Acid Dimethyl Acetamide Isopropyl Ether
Acetic Anhydride 1,4-Dioxane Methanol
Acetonitrile Ethanol Methyl Cellosolve
Acetone Ethyl Bromide Methylene Chloride
Amyl Acetate Ethyl Acetate Methyl Ethyl Ketone
Benzene Ethyl Ether Methyl Formate
1-Butanol/n-butanol Formaldehyde Methyl Isobutyl Ketone
2-Butanol/sec-Butanol Formamide Pyridine
Butyl Acetate n-Heptane Tetrahydrofuran
Carbon Tetrachloride n-Hexane Toluene
Chloroform Isobutanol/isobutyl alcohol Trichloroethane
o-Dichlorobenzene Isopropanol Water
Diethylamine Isopropyl Acetate Xylene
For the inhalation toxicity, ingestion toxicity, and aquatic toxicity, a higher value
denotes a less toxic material. For these three criteria the inverse toxicity value of the
chemical was used to represent that a more toxic substance is more harmful. The other
environmental values were obtained from the IChemE [58]. Some data was unavailable
since some of these solvents are not used to a large degree. This data may be obtained in
the future or the category can be neglected for the comparison.
A simple spreadsheet was set up with the solvents and the various environmental
metrics. The only information the user needs to enter into the spreadsheet is the mass of
material being used and the spreadsheet will calculate the various environmental
parameters. These values can then be compared to other value obtained for other
compounds. The full table is given in Table 20. The user can also further adjust the
impact of each category by including a weighting factor. This is dependent on the
concern for each category and for a specific location. An example of when the
environmental parameters could be adjusted is when a plant is located in the middle of a
desert. The aquatic toxicity would be of very little concern since there are no outside
water sources close to the plant.
Table 20: Environmental Solvent Selection Table
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Example of Solvent Selection
An example of the application of this solvent selection table for the environmental
criteria would be if a scientist or engineer narrowed down the desired properties to three
viable solvents. For this example case, the projected amount of solvents needed would be
either 100 kg of benzene, 200 kg of acetone or 150 kg of n-hexane. The results for this
analysis are shown on the next page in Table 21.
Table 21: Results of Solvent Selection Table for the Example Compounds
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These results can be compared to one another either by direct comparison or by
converting every metric to a percentage to find the net increase or decrease if solvent
substitution is considered. The results from the table show that in terms of inhalation,
toxicity, ingestion toxicity, aquatic toxicity, and carcinogenicity that acetone has the least
impact, while benzene has the least impact in terms of smog and global warming, but the
largest impact in terms of carcinogenicity.
Chapter 6: Conclusions
Green Analysis of a lab-scale fermentation based API
From a review of the various patents of the drug pravastatin, there was a
significant decrease in the water, energy, and solvent usage as time progressed. There
was also a decrease in the environmental categories. This was attributed to the process
becoming more efficient. It was also found that the largest contributor of all of these
categories was the process to make the intermediate. The intermediate process used
significantly more energy, water, and solvents than the all of the pravastatin processes.
The trends that each of the graphs followed were related to a form exponential decay,
which indicated that there will be a minimum value to each trend which means that the
value will never reach zero or be a perfectly sustainable process.
Decreasing the material usage in a process is an important green engineering
objective and can be accomplished in two different methods. Direct process
improvements are one way to decrease the material and energy usage. This was
investigated in this paper. The second method of decreasing mass usage is by increasing
the conversion and yield of the intermediate. This was apparent in the analysis since less
intermediate was needed as the years progressed.
For this process the use of the Best Practical Environmental Option (BPEO)
would be a disadvantage and result in a process, which would do more harm to the
environment. For this specific example, it was not the process to make the drug that was
a large concern, but the manufacture of the intermediate which was the concern. In 1982,
the substances that were used in the process to make pravastatin were relatively benign,
but there were a lot of chemicals used and a great deal of waste was produced. Also a
great deal of intermediate was used. In the next few years, the primary focus was on
increasing the yield of the product. This resulted in the lower criteria for the entire life
cycle of the product, but a higher numbers for some of the criteria for 1983 and 1985.
It was also found that there is a direct relationship between intermediate usage
and energy usage. Most of the energy usage in all of the process came directly from the
mixers and the reverse osmosis systems to make pure water. Resource depletion from
energy contributed small fraction to the total material depleted. The emission attributed
by energy decreased by a factor of over 100 in the 22-year span of the four patents for
this analysis.
The trend for the environmental categories were analyzed for the pravastatin
process. Inclusion of the intermediate process in the environmental categories would
have trivialized the decrease in the environmental categories.
For the environmental index and carcinogenicity solely for the pravastatin patents,
no trend could be found to fit the four patents. This was due to the usage of benzene in
1983 and 1985 patents. There was a decreasing trend for the environmental index when
1983 value is removed, but the 1985 and the 2004 values could potential be with the
same confidence limit.
For this study it can be concluded that the BPEO is not the best approach to use.
For this specific drug, it was better to increase the yield by using hazardous solvents
because in the total life cycle the use of hazardous solvents would decrease.
Scale up of a active pharmaceutical ingredient
The scale up of another pharmaceutical product offers another perspective on the
pharmaceutical industry. There are a few considerations that were taken into account for
the scale up. The first consideration is purity. There was a large concern about purity for
this drug so many environmental solutions could not be used. The second consideration
was yield. The greater the yield, the better the process to some degree. It was found for
this process that yield improvement and high yields do not directly correlate to a green
process since the lab scale had 100% yield in the last step, but used a substantial amount
of solvents and energy to maintain this yield. The third consideration for this scale up
was lowering the volume of the reactors, which had mixed results for the processes.
The lab scale production maintained an extremely high purity drug and had an
extremely large yield for the last step. There was a cost for this yield though. The cost
for the yield was excessive use of water and another solvent in a certain piece of
equipment. When this factor was taken into consideration and compared to the glass
plant and the pilot plant, the use of this specific piece of equipment was not worth the
amount of product recovered from either an economic or an environmental perspective.
For the last step in the lab scale, it would cost more money to recover the API than the
API is worth.
There were decreases in most of the environmental factors as the scale of the
process increased from the lab scale to the glass scale to the pilot scale in many of the
categories. In some of the categories there was a decrease in some of the environmental
factors.
The large decrease from the lab scale to the glass scale for mass, solvent, and
water usage and most of the environmental parameters was attributed the use of different
equipment and the use of different reagents, catalysts, and solvents. At the laboratory
scale, there was a large use of exotic reagents and techniques that would result in large
scale contamination if conducted at a larger scale.
There was a slight decrease from the glass plant to the pilot plant. This is mainly
attributed to because of a yield increase. This was the case of the mass, solvent and water
usage along with the ingestion toxicity. The yield increase had mixed results in the
environmental categories. For instance, in order to obtain the higher yield a reactant was
used in excess. This reactant is an extremely toxic and reactive chemical so the
environmental index increased.
There was also telescoping which occurred between the glass plant and the pilot
plant. Telescoping is defined as the processing of removing process steps or equipment.
By removing this equipment, the processing steps became smaller and not as much
equipment was used. Because the equipment was not used the vessel did not need to be
cleaned with water or solvent and also intermediate was not lost in the vessel.
In terms of energy, it was not expected that there was a huge decrease in the
amount of energy used for the processing. There are a few reasons why there was not a
large drop. The first reason is that the process occurs around ambient temperature and
pressure so there is not much energy involved to begin with. The second reason was
because of different operating conditions of the lab scale compared to the other two
scales. In the laboratory scale, very little cooling was present, but there was a large
amount of heat and mechanical energy. In the glass scale and pilot scale, water with salt
was heated so that a salt would dissolve quickly into solution and then the solution was
cooled. This was unnecessary since the salt was well below its solubility limit. Use of
room temperature water would have solved the heating and cooling need used for the
process. Also in the glass scale and pilot scale there was negligible mechanical energy
compared to the laboratory scale.
There was a trade off between a solvent substitution that took place between the
glass scale and the pilot scale. In the glass scale a large amount of acetates were used,
but these were substituted in for an alkane in the pilot plant. This caused the ingestion
toxicity to decrease significantly, but caused the aquatic toxicity and smog formation to
increase. This is because heptane contributes more to smog formation than the butyl
acetate and heptane is extremely toxic to fish.
There was also a decrease in the carcinogenicity of the processes. For this
analysis, the intermediate compounds are treated as potential human carcinogens and one
of the intermediates is treated as suspected human carcinogen because this is a traditional
practice in the pharmaceutical industry for unknown compounds. For this case there was
a decrease of the period of time because the yield increased. This analysis where the
intermediates are treated as potential carcinogens is the most accurate way to analyze this
process until further testing can be conducted on the intermediates or they are proven to
be non- carcinogenic.
Solvent Selection guide
The solvent selection guide developed with the input of industry representatives is
helpful in determining which solvents will cause less damage from an environmental
perspective. This solvent selection guide is different from previous solvent selection
guide because it takes into account parameters, which were not previously considered in
other solvents selection tables. This table also provides the user with raw data, so a direct
comparison can be made very quickly to determine if any process improvements were
made in the environmental categories. Unlike previous solvent selection tables, this
allows the user to factor in the mass of the chemical and offers a direct comparison to
alternative solvents. This avoids the pen and paper approach previously used to
determine the optimal solvent from an environmental perspective.
Unlike previous solvent selection tables that have the data imbedded in the
program, this software allows the user to quickly and easily add in data for various other
solvents if another solvent is desired.
In conclusion, a recommendation is to use this solvent selection table along with
the solvent selection approaches already employed by various organizations, such as the
EPA and Glaxo-Smith-Kline to determine the optimal solvent.
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